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ARTICLES

INTRODUCTION OF ATOMIC POWER STATIONS WITH
THE VVER-440 REACTOR

V. A, Voznesenskii UDC 621.039.566

At present, a number of the atomic power stations (APS) operational in COMECON member-countries
include units based on VVER (water-cooled —water-moderated) reactors of thermal power 1375 MW that yield
a power of 440 MW (electrical) at the design pressure (0.035 kgf/ cm?) in the turbine condensers. These are
the third and fourth units of the Kolsk APS, the first and second units of the Kolsk APS, the Nord APS in the
German Democratic Republic, and the Kozlodui APS in Bulgaria,

~ In the late 1970s and early 1980s further APS with the VVER-440 reactor are to be built, brinéing the
total number of units to more than twenty.

GENERAL INFORMATION ON ATOMIC POWER STATIONS
 WITH THE VVER-440 REACTOR

The main design parameters: of APS with the VVER-440 reactor, the parameters of the reactor and the
active region (AR), are given below [1-3].

‘Thermal power of reactor, MW 1375
Electrical power of unit (gross) with 0.035 kgf/ cm2
pressure in turbine condensers, MW 440
Electrical-energy consumption for internal requirements '
of APS for two-umit operation, % 7.15
Number of turbogenerators per block 2
Pressure in first loop at reactor outlet, kgf/ cm? 125
Coolant flow rate in first loop, m%/h . 39,000
Coolant temperature, °C:
at reactor inlet 270
at reactor outlet 301
Pressure drop in first loop, kgf/cm? 5.5
Steam flow rate in steam generators, tons/h 2710
Steam pressure, kgf/cm? ,
in steam generators 47
in steam collector 45
before turbines 44
Internal diameter of reactor body, mm 3560
Number of working modules and control and safety rods
(CSR) modules in AR 349.
Number of CSR modules 73; 37
Distance between centers of modules, mm 147
Module size (outer measurement), mm 143-144
Module wall thickness, mm 1.5; 2.1

Module wall material
Number of fuel elements in module
Fuel-element diameter, mm

Alloy (Zr +2.5% Nb)
120, 126

9.1

Thickness of fuel-element cladding, mm - 0.65
Material of fuel-element cladding Zr + 1% Nb
AR loading (in terms of metallic uranium), tons 41-42
Effective AR diameter and height, cm 312; 245
Mean bulk power of AR, kW/ liter 86
Mean energy yield, kW/kg U 38.0-33.5
Fraction of fuel discharged on reloading 1/3
Design burnup depth in steady reloading conditions with :

3.5% enrichment of fresh fuel, MW-day/ton U 28,600

_ Translated from Atomnaya Energiya, Vol. 44, No. 4, pp. 299-305, April, 1978, Original article submitted
February 28, 1977,

0038-531X/ 78/ 4404-0343 $07.50 ©1978 Plenum Publishing Corporation 343
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The APS presently in operation are designed to work in baseload conditions and use two types of VVER-
440 differing in the basic number of control and safety rods (CSR) modules containing boron—steel absorber
in the upper part and nuclear fuel (UO,) in the lower part, The difference arose when in the course of pre-
paring the reactor bodies for the third and fourth units of the Novovoronezh APS it was decided to use boron
regulation, which allowed the number of CSR-modules to be reduced in all subsequent units from 73 to 37,
without changing the interval between fuel reloadings (1 year).

Atomic power stations with the VVER-440 reactor characteristically have a two-unit structure in which
the turbine and reactor chambers are common to the two units, as are the systems for circulational and techni-
cal water, chemical water preparation, pure condensate, etc, The first APS loop, confaining six circulational
subloops, consists of a hermetic chamber, designed for an excess pressure of 1 kgf/ cm_z, with automatic re-
lease of steam from the chamber to the atmosphere when the excess pressure reaches 0.8 kgf/cm?, In each
subloop there are two main stop valves (MSV), a sealed glandless main circulation pump (MCP), and a hori-
zontal steam generator. Access to the MSV and MCP chambers is possible in the course of reactor operation,
which permits maintenance of the equipment without reactor shutdown and ensures efficient use of the units.
In the reactor body (its size allows it to be transported as desired), an active region of 349 hexagonal working
modules and CSR modules is built. In operation at power, practically all the CSR modules are placed in an
extreme upper position, which ensures uniform filling of the active region by fuel and prevents additional
distortion of the energy-liberation field due to the presence of solid adsorbent or aqueous cavities, At the
inlet to the modules an additional hydraulic drag is provided (by disks for the working modules and by sets
of holes in the damper tubes for the CSR modules); this decreases the discrepancy in flow rate over the mod- -
ules and provides the required interval before heat-transfer crisis in emergency situations with loss of flow
rate. The module walls and the cladding of the cylindrical fuel cells are of zirconium—niobium alloy; the
reactor body and the volume compensator are of high-strength thermostable steel without a noncorrosive sur-
face. To prevent corrosion of the reactor body and the: volume compensator for the first loop of the APS,

a special ammonium—potassium water system has been developed. The supply to the MCP is provided from
several independent sources: internal-supply generators (ISG) and the main generators on the same axis as
the turbines. :

The reactor-power regﬁia’oor maintains a constant pressure in the steam collector (45 kgf/ cm?), while
a special regulator ensures discharge of the turbine when the pressure in the steam collecbor decreases to

44 kgf/ cm?,

Atomic Power Station Characteristics in Startup and Running-in

Period and in Use

Thermal and Electrical Power of Units, The thermal power of the reactor is determined on the basis
of the heat balance in the first and second loops of the APS, Only using the correct prescribed instruments
may five independent balances be formulated. The appropriate tests are preceded by careful checking of the
measuring equipment. The discrepancy between the thermal-power values in different balances achieved in -
practice is not more than + 2%, (The margin for inaccuracy of the thermal-power value in the design calcu-
lations is 4%.) To obtain a measured value of the thermal power for the reactor, the data of the different
balances are averaged and the maximum value is taken for the most accurate measurements of the feedwater
balance in the steam generators. Special measurement programs are prescribed for the determination of the
turbine and electrical parameters in the course of testing. The deviation of the test conditions from the design
conditions is taken into account by the appropriate correction in the calculations. .

As a result of measurements in different units soon after startup [4] it was established that when K-220-
44 turbines with nozzie regulation of the power are used the elecfrical power of the unit (gross) corresponding
to a thermal power of 1375 MW is about 445 MW, The margin in the transmission of the turbogenerators is
10% but its realization requires a corresponding increase m reactor power. The measured energy consump-
tion to meet the internal requirements of units with the VVER-440 reactor (except at the Novovoronezh A PS)
was found to be 6,0-6,4%, which is significantly below the design value.

Hydraulic Characteristics of Reactor and First Loop. In the course of startup and use the hydraulic
characteristics of the first loop and reactor-are determined and on the basis of the correspondence between -
these results and the design values it is possible to evaluate the prospects for reactor operation at the nomi-
nal thermal power and the safety of the unit, Relevant parameters are the coolant flow rate and pressure drop
in the first loop and the individual subloops; the coolant flow rate and pressure drop in the working modules
and the CSR modules; the coolant flow bypassing the AR modules. Direct measurement in use is possible only

344
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for the pressure drops in the reactor (AP reactor) and the MCP, The flow rate in the subloops of the first
loop is determined using the pressure characteristics (the dependence of the pressure drop at the pump on
the flow rate through the pump) obtained for each specific MCP on a factory test bed. The flow rate through
the reactor (G reactor) is determined initially as the sum of the flow rates over the subloops, Measurements
of the pressure drop in the reactor for different numbers of working subloops are used to construct the de-
pendence AP, = £(Gp), whichis then usedto determine the flow rate, The pressure drop in the individual ele- -
ments of the reactor (the active region, the working modules) is measured in one of the stages of the running-
in period, by leading out additional pressure-sampling tubes through the reactor roof. The hydraulic charac-
teristics of the VVER-440 reactor of the third unit at the Novovoronezh APS and others are given below,

Flow rate through reactor, m®/h 48,000, 43,500~46,000
Pressure drop, kgf/ cm?

in first loop - 4.1, 4,5-4.8

in reactor 2,2, 3.1-3.4

in AR : 1.4, 2.3-2.6

in working module 0.9, 0.8-0.85

These differences are due to the individual properties of the equipment used, in particular, the pumps. For all
the units, the coolant flow rate significantly exceeds the design value; this is because the value of the resistance
of the first loop assumed in the design calculations was too high, As a result, there are good prospects for

an increase in the thermal power of the VVER-440 but at the same time additional investigations are necessary

to determine the performance of the equipment in the first loop, including the reactor and the active region,
in conditions of enhanced fiow rate.

At reactor startup great care is taken to establish the correct value ofthe flow rate through the CSR
modules. If this flow rate is not to limit the thermal power of the reactor, it must be close to the flow rate
through the working modules. At the same time, increase in the flow rate through the CSR module (> 140 m3/h)
is not permitted by the design, since it may lead to floating of the fuel component on separation of the pump
and, as shown by testbed trials, to increased vibration of the structural elements of the module. Measure-
ments on different units, using special attachments recording the weight loss of the CSR module under the
action of the flow, show that the real flow rate does not always correspond with sufficient accuracy to the de-
sired value. As a result, in some units additional correction of the flow rate through the CSR module is re-
quired. Steps are being taken to refine the calculations and to establish narrower tolerances in the prepara-
tion of structural components affecting the hydraulig drag at the inlet to the CSR module.

The coolant flow bypassing the AR modules (calculated value 5%) is determined from the balance equa-
tion between the thermal power of the reactor found from the flow rate and heating of the coolant in the re-
actor and the total thermal power of the working modules and the CSR modules (determinedby a special method
based on temperature measurements at the outlet from the working modules) and is 4%.

Physical and Thermophysical Characteristics of the Active Region. The main requirements in developing
the active region of the VVER-440 reactor include the following:

an operating period of 6000-7000 eff. h between reloadings; residence of fuel modules in reactor 3-4
years;

negative or near-zero temperature coefficient and reactivity and negatwe total power coefficient of
reactivity;

nonuniformity of energy liberation no more than 1.35 over the AR modules, and no more than 1.5 between
fuel elements;

sufficient CSR-module efficiency to compensate for rapidly appearing reactivity effects (power effects
and some temperature effects).

Table 1 gives the calculated physical characteristics of the primary AR of reactors at different APS
developed to meet these requirements; for comparison, the results of experimental measurements are also
given. As follows from Table 1, the primary AR at present in operation are of five different types, differing
in the mean initial enrichment and the use of consumable adsorbents. To a certain extent, this diversity re-
flects the gradual refinement of design concepts. Following measurements of the reactivity and the nonuni-
formity of energy liberation, the use of consumable absorbent in the active regions of VVER-440 has been
completely discontinued. It has been established that a working period of 7000 eff. h between reloadings is
achieved with 2.3% mean enrichment of the first charge and 3.3% enrichment of the feed fuel (instead of the
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TABLE 1, Basic Physical AR Characteristics of VVER-440 at Beginning of Service

Novovoronezh Kolsk and Nord Kolsk ' Nord, second
Parameter unit; Kolodui,
third unit fourth unit first unit second unit fu's:sand second
. uni

Composition of primary 1% 49 1,6%; 138 1,6%; 114 1,6%; 162 1,6%; 114
AR (enrichment and 1,5%; 2,4%; 127 2,4%; 133 2,4%; 103 2,4%: 133
number of modules with| 2,0%; 114 3,6%; 84 3,6%; 102 3,6%,; 84 3,6%; 102
fuel) 3,3/3;‘ 120 i |

Presence of consumable | 108 modules - 108 modules with — —
absorbent - with 3,3% 2,4% enrichment

enrichment and 102 with

each contain 3,6% enrichment

6 BCA® contain 0,07 | -
natural boron in

Mean enrichment, % 2.9 2.37 wallsz,s 2.3 25

T?ttyal [maygin of reactiv- 0,147 0,477 0,168 0,173 0,188

Total eff, of CSR. 0,18 0,15 0,095 0,088 0,088
module at t=20°C,

Ak/k

Temp. cz%ebffc of aeactw-. —1,4-10% —4.40-5 —92.40~5 —5.10-5 —2,5.10-5
ity at and zero | TF 404 3105 1,510 —3-10-5 5108
power, Ak/k/°C + +

. Power coeff, of reactiv- —2,2.10-4 —1,9-10~¢ —1,8.10-¢ —9.40~¢ —1,85-10~4 -
ity in working state, ‘
Ak/R/%

Critical concn, of boric 5,2/4,8 7,6/6,9 7,8/6,4 6,8/6,2 8,8/8
acid at 100°C for com- 12/ /8, 8/ 816, '8./ 0
pletely raised CSR
modules, g HyBOs/kg
H,0

*BCA — Blocked consumable absorbent,
T The numerator gives the calculated value and the denommaﬁor the experimental value,

design values of 2.5 and 3.5%, respectively). The disagreement between the calculated and experimental
values of the physical characteristics (burnout depth, the efficiency of boric acid, etc.) indicates the need for
unprovement in the methods of calculation currently in use.

Atomic Power Station Operatmn in the Case of Accident and Transmnt Conditions. The operating pro-
gram for the running in of VVER-440 power reactors involves complex checking of the APS performance in_
the event of accident or transient conditions. Special tests are carried out to establish the conformity of the
operation of the regulation, blocking, and safety systems with the design requirements, and to investigate the
dynamics of APS-parameter variation under different perturbations and at different power levels. The most
important of these include tests of total APS shutdown and the investigation of module response to variation
and reduction in the electrical load and to MCP failure.

Complete APS shutdown (for safety reasons the tests are carried out with the reactor at 17-20% thermal
power) involves the combined operation of equipment and systems ensuring safe stoppage and adequate cooling
of the APS (even with sodium leakage in the first loop) in the event of disconnection from the energy system
and switching off (stop-valve closure) of the APS turbogenerators, The tests check APS shutdown by the
emergency-protection systems; the duration of MCP operation on the "rundown" energy of the main generators
and the ISG; continuous supply of the most important electrical-energy requirements (initiaily from accumu- "
lator batteries and then from diesel generators); connection to the diesel generators (after their startup) in
turn (in order of importance) of those electrical units that can tolerate a brief (up to 3 min) interruption of
supply; and the establishment of natural circulation in the first loop and shutdown cooling,

At startup, as a rule, one test is sufficient to demonstrate the satisfactory conformity of APS perfor-
mance in emergency conditions with the design specifications, It is found that the MCP operates for not less
than 180 sec (design time — 100 sec) on the rundown energy of the ISG and the main generator; the diesel start-
up time is 70-90 sec; the length of connection of electrical units to the diesels is about 70 sec: the deviation
of the potential in the electrical supply system of the APS is not more than 10%, In the startup of APS with the
VVER-440 reactor, successful completion of the tests on total shutdown is a necessary prehmmary to in-
crease in the reactor power (> 17-20%).

Tests of the response to reduction and variation in the electrical load are carried out at APS startup to
adjust the turbine control system and the main regulators of the unit and to determine their static and dynamic

346
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characteristics, to confirm the possibility of successful (while maintaining the APS at the power level appro-
priate to its internal requirements) reduction in electrical load, to investigate the dynamics of parameter

variation in the operation of the APS control systems, and to confirm the guaranteed indices with respect to
the rate of change of the load of the units.

Experience shows that after the necessary adjustment for any load reduction, up fo a complete reduction
from 100% to the level of internal requirements, the fluctuation of the APS parameters does not trigger the
emergency protection systems of the turbine and reactor, or lead to the opening of the steam-generator safety
valves, For example, on complete reduction in load the maximum speed does not exceed 3200-3240 rpm and
after 20-30 sec the turbine rotation stabilizes., Rise in pressure in the steam collector for 5-8 sec triggers
the reduction valves, which release steam from the turbine condensers, and the maximum pressure does not -
exceed 52 kgf/cm?, The brief increase in the first loop is 1.5-2,0 kgf/ cm?, Trial loadings of the turbogenera-
tors at the guaranteed rates (2 and 5 MW/min from the cold and hot states, respectively) show that these rates
do not lead to any deviations from the required indices of the turbine heating. '

The design allows for the disconnection of up to two MCPS (e.g., on short-circuiting in the supply section)
without the operation of the reactor emergency systems. In these circumstances the reactor power regulator
reduces the neutron flux in the active region by 50%. At the same time, the reduction in pressure in the steam
collector is accompanied by automatic reduction in turbine load. If, after stabilization of the parameters, the
thermal power of the reactor does not correspond to the number of MCP remaining in operation, the operator
makes an additional correction to the reactor power level, Tests of APS startup with one or two MCP dis- -
connected have been carried out at 3-4 different power levels, including the nominal power. The control sys-
tems of the units successfully deal with transient processes when MCP are disconnected. The deviation of

the APS parameters does not trigger the emergency and blocking systems. Stabilization of the conditions at
the new power level takes =~ 300 sec, )

Radiation Equipment

The state of the radiation equipment is determined continuously using specified measurement and moni-
toring systems, In addition, special programs of measurement must be carried out at APS startup and peri-
odically in the course of APS operation for the detailed verification of the conformity of the APS radiation
equipment with the design data. It is necessary to monitor the neutron and y-ray dose rate; the gas and aero-.
sol activity in the APS structure; the release of radioactive gases, aerosols, iodine, and strontium to the
atmosphere; the activity of water in the first loop, the steam generator, the reloading tanks and the spent-fuel
stores, the tanks of the active-water retreatment system, etc.; the activity of the steam arriving at the tur-

bine; the gas and aerosol activity of the air; the radioactivity of water and soil in the area around the APS;
and the sealing of the heat-liberating modules on reloading.

Measurements on different units show that the dose rates from external fluxes of ionizing radiation in
APS structures established by the operating norms (1.4, 2.8, and 28 mrem/h for attended, semiattended, and
unattended chambers, respectively) are not exceeded on the average, Isolated deviations (by a factor of 5-10)
noted in semiattended chambers (at points of penetration through the walls and at the overlapping of the bio-
logical protection) must be easily localized, and additional measures are taken to this end.

The release of radioactivity to the atmoéphere in normal operation is 5-100 (radioactive gases); 10-2-

10-4 (aerosols); 10-3-10~* (3); 10~4-10- Ci/day (3%r +%¥Sr) with norms of 3500, 0.5, 0.1, and 107° Ci/day,
respectively.

The activity of the coolant in the first loop is determined both using continuous-monitoring equipment -
and by periodic analysis of samples. Under normal conditions, the analysis of the specific activity of dry

residues and iodine isotopes is carried out once a day and once every 2 days, respectively; for the total isotope
state the rate is once a month,

The reactor operation is regarded as satisfactory up to a total specific activity of the first-loop coolant
of 0.1 Ci/liter at the moment of sampling for 100% thermal power of the reactor (the specific activity of non-
gaseous fission products 2 h after sampling is 10~2 Ci/liter). The actual activity in operating units is con-
siderably below these limits. For example, in the first half of 1976 the figure for nongaseous fission products
(mainly iodine isotopes) was 10~%-2- 1072 Ci/liter and for most units this corresponds to the end of the oper-
ating period. The corrosion products of the first-loop materials make an insignificant contribution (10-8-1077
Ci/liter) to the total specific activity of the coolant.
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Analysis of the specific activity of the fission products by a special method allows the state of sealing
of the fuel elements to be evaluated. The specific modules with unsealed fuel elements are determined at the
time of reloading, To monitor the sealing of fuel-element shells on reloading, individual modules are placed
in a sealed can with subsequent holding in air (the method used at the Voronezh APS) or water and analys1s
of samples.

On Sept, 1, 1976, 12 planned reloadings were carried out at reactors (three each in the third and fourth
units of the Novovoronezh APS, two in the first unit of the Kolsk APS, and one each in the other units), Practi-
cally at each reloading thé sealing of the modules remaining in the reactor for the next term of operation was
checked (= 2/ 3 of the total number of modules with fuel). Between each reloading there are improvements in
the methods of detecting unsealed modules and developments in the quality standards.

According to the results of six reloadings in various units with a VVER-440 reactor in the summer and
autumn of 1968, one module on the average was removed from the reactor ahead of schedule.

No relation has been found between conditions of reactor use and the number of unsealed modules.

Work in Startup and Running-In Period

This work is carried out at the APS after the installation is complete and includes the following main
stages:

1) introduction into use of the electrical supply for the internal requirements of the unit and the chemical
water treatment;

2) washing and ﬁmctionél testing of the auxiliary APS systems;

3) hydraulic testing and circulational washing of first loop;

4) lfirst inspection of first-loop equipment;

5) cold and hot running in of first-loop equipment;

6) second inspection of first-loop equipment;

7) loading of active region and physical startup of reactor;

8) operation of unit at 1-5% power as a preliminary to the introduction of the turbogenerators in circuit;

9) raising the unit to the design power, with successive operation at 17-20, 30-35, 75-80, 90, and 100%
power followed by 72-h continuous operation at the nominal power.

The mechanical purpose of the work at the stage of hydraulic testing and circulational washing is the
demonstration that the first loop is watertight and also washing of the loop after installation. Depending on the
conditions at each specific APS the sealing of the reactor at this stage is either by a temporary roof or by
the prescribed upper unit. The CSR drive is not fitted. The hydraulic drag of the missing active region is
simulated by a temporary throttling device. In the circulational washing the heat of the operating MCP raises
the coolant to 220-230°C, which facilitates the washing of the first-loop surface; the operation of the MCP and
the auxiliary systems of the reactor is checked, the specified technological operations are completed; and the
vibration and degree of expansion of the equipment and the turbine ducts are checked.

After the circulational washing the first loop is cooled, the reactor roof is removed, and the in-reactor
equipment is dismantled. The first inspection of the APS equipment and systems is then conducted; defects
observed in the hydraulic testing and circulational washing are eliminated; the state of the metal in the basic
equipment is monitored; the equipment and systems are prepared for hot and cold running in; and the specified
reactor pile is fitted with the CSR drive and the subecritical region, At the startup of the first units the region
was partially loaded with modules containing fuel for the hot running in. In conditions of imperfect adjustment
of the equipment, this led to difficulties in ensuring nuclear safety and the possibility of mechanical damage
of the regular modules,

The present practice at the time of running in is to load the region with stimulation modules that do
not contain fuel. One set of such modules is used successively in the startup of several different units., At
the stage of cold and hot running in, the electrical circuitry of the CSR system is adjusted and the CSR drive
is run in; the hydraulic characteristics of the reactor and the first loop are investigated; the stress—strain
dynamics of in-reactor instruments (for the principal units) is studied; and the blocking and safety systems
of the reactor are tested. \
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The second inspection, following the cold and hot running in, must ensure that the equipment and sys-
tems of the power stations are in full readiness for the loading of the specified active region, physical startup,
and the buildup to full power. The main equipment is examined again and the state of the metal is monitored
by various methods. All defects appearing in the course of running in and the subsequent inspection are elim-
inated. The second inspection is concluded by the loading of the specified active region and the sealing of the
reactor. At stages 3-6, in parallel with the work on the first loop, the sealing of the hermetic chambers of
the reactor installations is checked and the ventilation and dosimetry systems are adjusted.

The beginning of physical startup concludes the multiple testing of the second-loop equipment, together
with the checking of the vibrational state of the turbogenerators and, if necessary, balancing and electrical
testing of the ISG and the main generators with a set of loads up to 20 MW, The source of the steam for this

work is either an energy train of temporarily installed steam boilers for the first units of an APS; for the
subsequent units, the units already operational are used.

The final check on the combined operation of all the systems in steady, transient, and emergency con-
ditions is made at physical startup and in the course of buildup to full power. The lengths of the main stages
of this work are as follows, days: hydraulic testing and circulational washing, 8-30; first inspection, 29-62;
cold and hot running in, 15-22; second inspection of equipment, 15-60; loading of active region and physical

startup, 15-34; total duration of buildup to design power (from the end of physical startup to the completion
of 72-h testing at 100% power), 75-211, including 6-85 for planned inspection,

Discrepancies in the length of the stages of this work for different APS may be due to a number of fac-
tors. For example, significantly more time was required for startup of the first units of each APS than for
the subsequent units, as a result of the broader test program, the larger number of defects discovered in the
equipment, the installation, and the design, and the lack of experience of the personnel involved. Some redis-
tribution of the work between the individual stages has been observed; different levels of APS reliability have

been noted by maintenance personnel; and different forms of operational organization of the work have been
developed.
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EVALUATION OF PLANT-LOCATION STRATEGIES
FOR THE NUCLEAR-POWER_FUEL CYCLE

B. B. Baturov and V. M. Urezchenko UDC 621,039,003

The development of nuclear power (NP) necessitates considerable increase in capacity of the components
of the fuel cycle. A wide range of predictive studies. of different aspects of this problem have been under-
taken, with a view to evolving the optimal NP development strategy [1-5]. A question of considerable interest
concerns the options for the location and development of plants for fuel-element preparation and for the chemi-
cal reprocessing of spent fuel.

Various strategies are possible for the location of fuel -reprocessing plants, The first of these envisages
the construction of small plants close to a single atomic power station (APS) or a number of adjacent APS
(Fig. 1a). In the second, the development of the fuel-reprocessing industry occurs through the construction
of centralized large-capacity plants that serve many APS; these plants always have an unused, reserve capacity
in relation to demand (Fig. 1b). The third strategy again involves centralized reprocessing plants but in this
case their capacity is calculated on the basis of the demand, without providing any unused reserve capacity
(Fig. 1c).

An analysis using economic estimates is necessary if the optimal strategy is to be chosen for the loca-
tion of the components of the fuel cycle (FC), The three plant-location strategies differ in their capital and
current expenditures, The third strategy involves storage of the fuel, since the fuel is to be used in the future
and awaits subsequent-use or subsequent reprocessing. This storage leads to the freezing of considerable
capital.

In [6] an economic functional was proposed for the analysis of the different NP development strategies,
taking into account the possible factors; the functional was constructed on the reduced-expenditure principle
but also taking into account the long-term working capital

PRl DDy @

§ NiBe, (14+-0)tt

t=1
where K is the total capital expenditure; T is the total current expenditure; Df and Dgt are the long-term
working capital due to the prolonged residence of fuel in the cycle and the steplike growth in the FC capacity,
respectively; Nt is the estimated APS power introduced in year t; ¢ is the number of hours of operation per
year; ¢4 is the use factor of the established power; Tpr is the time depth of the prediction; ¢ is the norm in
taking into account the different time scales of the expenditures.

K and T are determined as the total values at all the FC plants over the whole period of prediction, taking
into account the different time scales of the expenditures. The long-term working capital is formed as a result
" of the annual deduction of frozen capital and represents the sum over all the FC plants throughout the whole
period of prediction of these deductions, taking into account the different time scales; the deduction is only
taken from the moment of capital introduction until its recovery.

The various distribution strategies for the FC plants differ in the level of capacity of the plants intro-
duced. The values of the capital expenditure and costs of reprocessing at the plants depends on their capaci-
ties. ‘

Analysis of the available data for the existing and projected FC plants shows that, for capital expenditure
in the range of capacity from 0,1 to a few tons per day, the following relation may be used [6]

K == K, (G/Gy)*, (2

where K and K, are the total capital expenditures in building plants of capacity G and Gy, respectively; c <1
is the index corresponding to the different FC plants.

Translated from Atomnaya I:Inergiya, Vol. 44, No. 4, pp. 306-310, April, 1978. Original article submitted
October 4, 1976; revision submitted December 14, 1977.
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Fig. 1. Demand for fuel and strategies
for demand satisfaction for different ap-
proaches to increasing the total capacity
of fuel-reprocessing plants.
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Fig. 2. Dependence of specific capital expenditure on the capacity of plants for the
chemical reprocessing (1) and preparation (2) of fuel elements,

Fig. 3. Dependence of fuel-preparation costs at plants for fuel-element production on
the nominal (design) capacity Gy and the actual capacity GA with ¢ =0.4; 6¢onst=0.33.

In Fig. 2 the dependence of the specific capital expenditure on the capacity of plants for the preparation
and chemical reprocessing of fast-reactor fuel elements based on oxide fuels is shown.

The total expenditure (E) in reprocessing for a plant of capacity G may be written as the sum of constant
(E°0n8ty gang variable (EVar) components

» E —ECONnst_ gvar

(3
The constant component, determined mainly by the capital expenditure, also satisfies Eq. (2)
E constonconskG/Go)a. @)

The variable component is determined by the expenditure of energy and materials, i.e., is direcfly pro-
portional to the actual plant capacity : '

Evaronvar_G__. . (5)
Gy .

The values of Egonst and EVaT may be written as fractions of the total expenditure (E )

const__ .
Eo = an y }
var__
Eq o =E odyar:

(6)

where dconst and 6y, are the relative fractioﬁs of the constant and variable components of the total expendi-
ture,

Substituting Eqs. (4)-(6) in Eq. (3) and writing the total expenditure as the product of the reprocessing
costs and the plant capacity, an expression that takes into account the dependence of the reprocessing costs
on the plant capacity for operation with the total load is obtained,
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where ¢ and ¢, are the reprocessing costs* at plants of capacity G and G, respectively,

In the operation of plants with an incomplete load, the constant expenditure corresponds to smaller pro-
duction and the specific reprocessing costs rise. Suppose that a plant of nominal capacity G operates at a
capacity g <G. The reprocessing costs for operation at the nominal capacity G are written as the sum of
constant and variable components ,
¢ dh e = bonert € By ®)

With reduction in output the constant component of the total reprocessing expendlture remains unchanged,
since it does not depend on the amount of reprocessed production. Writing the expenditure as the product of -
the reprocessing costs and the capacity gives an expression for the constant component of the reprocessing

‘costs

. ' om G nomdmmr .
: const ‘Iclonstg - g/G ° (9)

The variable component of the reprocessing costs does not depend on the plant capacity; that is

Cqar=qar=c"m ‘Svalj . (10)
Writing the reprocessing costs as the sum of the constant — Eq, (9) — and variable — Edq. (10) — componerts
gives an expression that takes into account the dependence of the reprocessing costs on the level of capaclty
in operation with an incomplete load _ _
__pom/ &const ' 11
. e=e ( - var) ' : @
" The curves in Figs. 3 and 4 show the dependence of the costs of prepai'ation and chemical reprocessing
of fast-reactor.fuel elements based on oxide fuel on the output of these plants when operating at the nominal
capacity and with less than total load.

To understand the basic relations of the capital expenditures and costs of reprocessing with different
location strategies for the FC plant (Fig, 5), consider an example. Suppose that in the fifth year it is required
to have a capacity Gc. This requirement may be satisfied by the annual introduction of a capacity of Gp (dis-
tributed location) or at once by constructing a plant of capacity G¢ (centralized location). In considering these
cases, no account will be taken of the distribution of the expenditures over time, and it will be assumed that:
a=0,6 and Gconst: 6pr =1/2 :1/2.

The ratio of the total capital expenditures will be
Ko _ Mg Gelfp™ _ kp 80 oo

Kp (6c/Gp) k3P B 5k5P

where K¢ and Kp are, respectively, the total expenditures after 5 years for centrahzed and distributed FC-
plant location; ksp is the capital expenditure at a plant of capacity Gp.

(12)

The ratio of the reprocessing costs under the condition that in both cases the plants operate at total
capacity is '
" nom

2" . 13
L= [5G +3(5) ] §=0.76. a3

For centralized location the nominal plant capacity must be high, so as to. satisfy the requirements over
the course of several years, i.e., in this case a larger capacity is introduced in anticipation of the require-
ments and operates at less than total load in the initial period. Therefore, the actual reprocessing costs for
this plant-location strategy are high. The ratio of the actual costs to the costs for operation at the nominal
capacity for the different levels (in each of the 5 years) may be calculated from Eq, (11); the result is 3 for

the first year; 1,75 for the second, 1,33 for the third, and 1,125 for the fourth,

The mean ratio of the actual costs after 5 years for the centralized plant-location strategy to the costs
for operation at the nominal capacity is determined as a weighted mean, the weighting factor being the ratio

between the fuel reprocessed in each year and the total fuel reprocessed over the 5 years. Then
nom

(t/c =1, 17 - \ (14)

*The term reprocessing costs should be understood to mean the specific expenditure for the reprocessing of

unit mass of fuel.
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Fig. 4. Dependence of chemical-reprocessing costs on nominal (design) ca-
pacity GN and actual capacity GA of plant with @=0.6; 6 const=0.5.

Fig. 5. Development of FC-plant capacity in the case of distributed (1) and .
centralized (2) location.

TABLE 1. Ratio of Capital Expenditures and Costs of Reprocessing for Centralized and
Distributed Plant Location Strategies

=06 .

a=0,%

5 yr

10 yr

5vy1‘

10 yr

1/0 0,5/0,5 0/1

1/0 0,5/0,5 0/1

1/0 0,5/0,5 0/1

1/0 0,5/0,5 0/1

ooty 0,52 0,76 1 04 07 1 0,4 0,7 1 0,25 0,62 1

G oot 1,67 1,47, 4 1,82 1,41 1 1,67 1,47 1 1,82 1,60 1

cdec :

p /CRD 087 0,89 1 073 0.99 1 0,67 0,82 1 045 088 1
: 0, 0, 0,38 ,

C .0

The ratio of the reprocessing costs for centralized FC-plant location to those for distributed location is

cC/ch (c‘é’“?cD) (cc’c"g’m) =0.76.1.17 =-0.8_9. (15)
Table 1 gives the ratios of the capital expenditures and costs of reprocessing at FC plants for the
centralized and distributed location strategies with various values of a, various periods of analysis, and vari-
ous limiting values of the ratio between the fractions of constant and variable expenditures,

It follows from Table 1 that, if no account is taken of the distribution of the expenditures over time and
it is assumed that the rise in capacity is uniform in all cases of the distributed plant-location strategy, cen-
tralized location of plants with reserve capacity is found to be the best. Taking into account the distribution
of the expenditures over time should lead to a deterioration in the indices for the centralized plant-location
strategy, since in this case the higher capital expenditures and the higher reprocessing costs correspond to

the early stages. Thus, to obtain more accurate dependences detailed consideration of the time factor and the
actual increase in FC capacity is necessary.

The capital expenditure and cost of centralized location of fuel-reprocessing plants without reserve
capacity must also be less than for distributed location. However, the holdup of fuel in the cycle arising in
this case leads to the appearance of additional expenditures due to the freezing of capital in the fuel awaiting
subsequent reprocessing or use. In addition, in this case the requirement for uranium from the external part
of the FC is significantly increased, which also leads to additional expenditure, Thus, in this case opposing
factors operate and, if correct conclusions are to be reached as to which particular strategy for the location

of fuel-reprocessing plants is the most preferable, the influence of the various factors must be carefully
analyzed and taken into account.

Such analyses were carried out using the mathematical model described in [7] and using the functional
in Eq. (1) for the developing system of APS with fast reactors, In considering the developing system of APS
and fuel-processing plants in the given model, as in [5], the presence of stores in the FC and the holdup of
fuel in the cycle are taken into account; the analysis rests on the balance equations. However, in contrast to
(5], the present model is imitative and allows various possible strategies of NP-system development to be
studied. The main features of the model are as follows: discrete (stepwise) increase in FC capacity is possi-
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ble; the change in isotopic composition of the fuel between reloadings is taken into account for each of the re-
actors in the system; and a functional that takes into account the long-term working capital is used as the
economic criterion,

The choice of cost factors and their long-term variation presents great difficulties in the investigation.
Nuclear power is at present entering on a phase of broad development and as a result there are either no large-
scale FC plants or at best isolated specimens; hence reliable estimates of the cost factors have not yet been
possible. In addition, APS with fast reactors of large power are only now being constructed and to date there
is no information on the costs of producing and reprocessing fuel for such reactors on a large scale, In view
of all this, it is necessary to consider a fairly wide range of initial values of the cost factors,

Therefore, in the calculations the development of an APS system was considered for fast reactors with
sodium and gas coolant based on oxide and carbide fuel; for different hypotheses of APS power development
[established power at the end of the 30-yr period 400, 600, and 800 million kW (electrical); the rate of power
development falls discretely; the load factor remains at 0.8 or falls to 0,6; the duration of the external FC is
0.66~2 years); and for intervals of 3-6 years between the discrete increments in FC power; in taking into
account the different time scales of the expenditures not only the normative value ¢ = 0,08 but also the value
o =1 were considered, The values of the cost factors were chosen in the expected range: variation by a factor
of 2 in the total specific capital expenditures and by a factor of 3 in the reprocessing costs; a ratio of 0.8-4
between the costs of natural uranium and the costs of separation in comparable units; and a ratio of 0.8-6 be-
tween the costs of preparation and the costs of chemical reprocessing.

For these values of the capital expenditure in the development of the fuel base, taking into account the
dependence on the scale of their output, the following illustrative structure of specific capital expenditures at
mining and fuel-reprocessing plants is obtained, as calculated per unit of electric power, %

Mining 25-30 . Separation 45-60
Preparation -5-10 Chemical reprocessing 10-15
For the given assumptions, the mean ratio of fuel-processing at external-FC plants in comparable units
is, % : :
Mining 45-55 Separation 30-40
Preparation 10-15 Chemaical reprocessing 5-10

As a result of the calculations, the following conclusions may bbe obtained: the centralized strategy is
the best for the location of fuel-processing and regeéneration plants; these plants must have considerable ca-
pacity for the individual functions. : :

Both the need to reduce the requirement for natural fuel and economic considerations indicate the ex-
pendiencyof having reserve capacity in the various practically possible values and the ratios of the capital and
current FC expenditures (even at a mean level of use of the design capacity of less than 50%).

These conclusions are independent of the technical solutions of re;;rocessing, fuel transportation and
storage, and also possible changes in the value of plutonium.
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OPTIMIZATION OF ENERGY DISTRIBUTION IN ACTIVE REGION
OF LARGE FUNCTIONAL POWER REACTOR »

I. Ya. Emel'yanov, V, G, Nazaryan,

UDC 621.039.5.56
and V. V. Postnikov

One of the recent trends in the design and use of power reactors is a growing interest in a different kind
of optimization problem. The problem of optimal regulation of the energy distribution in a reactor in steady
conditions was considered in {1, 2]. The investigation at the Halden reactor in Norway [1] is a representative -
example, and the basic concepts employed, with minor variations, are also characteristic of most of the other
works, The basic idea in these studies is to shift the real energy distribution toward some specified distribu- .

tion in conditions of Mtrailing™ regulation with constant improvement and refinement of the calculated constants
on the basis of continuous expenment

Very briefly, the mathematical formulation of the problem considered in [1] is as follows: the regulation-
process over time is described by the differential equation

@ ()= A () @ (1) + B (t) 8U () + 0 (1), .
where ¢ describes the current neutron distribution in the reglonsA of the reactor; 6U gives the regulatmg effect;
p is determined by random perturbations; the matrices A(t) and B(t) describe the state of the active region

and the efficiency of the regulating effect. The process is considered as a set of discrete states with stepwise

regulation, the parameters of which are determined from the condition for a minimum of the quadratic func-
tional

=)= Plos () —g ] +8U ()T SV, @

where the matrix P determines the weighting factors of the neutron flux; U is the matrix of constraints on the

regulating effect; the superscript T denotes transportation; @4(t) characterizes the specified energy distribu-
tion, '

What form should the specified energy distribution take in such optimization problems? It is readily
established that it should be some energy distribution that is determined by a set of physical, thermotechnical,

and other constraints on the energy intensity of the heat-liberating piles (HLP) and also the errors of moni-
toring and regulation. :

In the general case, the specified energy distribution may take very different forms; as an example,

consider a constant energy distribution over the whole active region or a constant plateau over the region with
a decrease according to some law at the periphery.

The energy distribution with minimum mean square deviation from the specified distribution is higher
than the specified energy distribution over approximately half the active region., A proportional reduction in
the energy distribution eliminates this shortcoming, However, there then arises the question of whether there
is any other energy distribution that might have better regulation quality when the permissible power is not
exceeded; by regulation quality is meant the nonuniformity coefficient of the radial energy distribution Ky or
the minimum safety margin Km to the permissible HLP power (under conditions of constant total reactor
power). For relative consistency of the given energy distribution, minimization of Ky (or, in the more general
case, maximization of the minimum Kyy) ensures high reliability of reactor operation or the possibility of in- .
creasing its power while retaining the previous reliability. The problem of accurately determining the opti-
mum energy distribution (on the example of the high-boiling reactor) forms the subject of the present work.

Formulation of the Problem

The method rests on the following assumptions:.

Translated from Atomnaya Energlya, Vol, 44, No. 4, pp. 310-315, April, 1978, Original article submitted
February 15, 1977,
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1) that the relative change of the power of each HLP is a linear function of the reactivity increment due
to the change in position of an individual control rod (CR);

2) that the relative change in power of each HLP is an additive quantity, i.e., when a group of rods is
moved, it is equal to the sum of the corresponding changes due to each rod,

The first assumption may be mathematically expressed as follows

-—“)—‘io_)— i (Pi—p5")s

i=1,2,....,m; j=1,2,...,n

where wi") and w; are the power of the i-th HLP before and after the j-th CR is moved from a position charac-
terized, in reactivity units, by the quantity p (0 to 2 position characterized by pj. For a CR that has been -

completely removed pj=0, while for a fully inserted CR pPj=1; mis the number of HLP in the reactor; n —num-
ber of CR; 245 is the mﬂuence function of the j-th CR on the i-th HLP, defined as follows

3)

Bij—1 ’ : 4

= TG, =T @
where gu =wj(pj=1) / wi(pj= 0) isa functmn describing the relative deformatmn il the power of the i-th HLP
produced when the j-th CR is moved from complete removal to full insertion. The function £ is normalized
for each CR using the condition that reactor power is the same before and after the maximum change in CR
position.

The mathematical expression of the second assumption takes the form

o; =0 [14+ X a;(p;— o)1, ®r
i+l _

where wj is the power of the i~-th HLP after all the CR are moved from the position characterized by the set

of relative rod efficiencies p }0 to the position with the set oj (=1, 2,..., n).

Special experiments and calculations were carried out to confirm that these assumptions are valid in
practice for high-boiling reactors.

The results showed: 1) that the dependence of the deformation of the HLP of this reactor on the CR
position has a clearly expressed linear form over most of its course, with slight deviations from linearity
close to the extreme upper and lower positions; 2) that the functions £ of the CR may be divided into two groups,
the first of which includes all the CR of the extreme peripheral ring and the second, all the CR of the pla-
teau region; 3) the function £ of the second group has a2 small azimuthal anisotropy, i.e., the difference in the
power deformations of HLP equidistant from the given CR is less than 3% (for CR of the extreme peripheral
ring this difference reaches 12%); 4) that the function & of each plateau-region CR depends only weakly on the
. position of the other rods.

Note that the results 2) and 3) above allow the function ¢ for plateau-region CR to be represented-as a
function of the displacement, i.e., as a function of the HLP —rod distance. To simplify the calculations the
same procedure may, at the cost of greater error, be applied to the function for the peripheral CR, on the
basis of the following considerations; since the overall aim is to equalize energy distributions or distributions
of the safety margin, and the "hotter™ HLP are practically always in the plateau region, the main role in
determining the optimum must obviously be that of the rods of that region. Moreover, in most cases the pe-
ripheral CR are removed from the reactor in operating in power modes of the high-boiling reactor.

In accordance with results 2) above, it is possible to simplify the calculations considerably and to get
rid of the cumbersome (m X n) matrix describing the relation between the positions of all the CR and the power
of all the HLP.

Proceeding to the mathematical formulation of the problem, the first step is to make a simplification
which involves passing 1o the problem of zonal regulation, This simplification is of purely practical signifi-
cance, and is a result of the tendency to remove large demands on computer time and also to reduce the volume
of computer store required.

The active region of the reactor is divided into MQ square cells (zones) of 4 x 4 HLP; then, using Eq,
(5), the mean power Q] of the 1 -th zone is

T . . . .
T E ﬁ’k—— 51 o’ +__ 2 2 m},maw (P/—'Pm =QP + 2 ﬂej (Pj'—P(m), (6)
k=1 k=1 j={ =1
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‘ . T,
where T] is the number of HLP in the [ -th zone; k is the HLP index of the [ -th zone; [5,,=TiT D oy QP =
. h=1
T
TLI > of” is the mean power of the I -th zone in the initial state.
k=1

Let Kglllm:mli{n {wﬁ eg wli")} be the minimum value of the safety margin (i.e., the relative distance of the

energy distribution from the specified distribution) within the limits of the I -th zone. For each zone, define

O%r =0§O)Krnlln, l=1., 2, ..V.,MQ. (7)
Then for all the regulation zones the following conditions may be imposed

<, 1=1,2,...,M,.
There is also a natural constraint for the CR

(8)

o<ty j=12,...,n (9)

Finally, for all the energy distributions considered a final condition is imposed: the balance of the total re-
activity must remain within a given limit

l;(p;—p?’)Kﬁp- . - )

Of all the possible energy distributions, i.e., those satisfying Eqgs. (8)-(10), other conditions being equal,
the best (in terms of reactor reliability or the possibility of increasing its power while retaining reliability)
is that for which the maximum of Q7 /Qj °T over the active region h has the smallest value, The fundamental
relation of the optimization problem may be formulated as follows '

max {0/¢% } = min. (11)
Substituting into Eq. (8) the expression for Q] and using Eqgs, (6) and (7)

n .
i+ 3 v =KL, 1=1, 2, Mo, (12)
m =y - : '

where ygj= (1/Qq (O)I{Eiln)ﬁl je

Equations (9), (10), and (12) constitute the total system of constraints in the problem and its aim is given
by the requirement

1 < )
max {K_Tnlﬁ+ D) Ves (Pr—P§°’)} =min.. (13)
o =t

Algorithm for the Solution of the Problem

In the given formulation, the problem is a typical minimax problem. However, the use of the methods of
minimax theory is attended by a number of difficulties — primarily the tabular and not analytical description

of the optimizing functions, the great dimensionality of the blocks, etc. Therefore methods of linear-program-
ming theory were considered and used.

The specific features of the problem require its brief formulation in terms of linear-programming theory
[8]. 2Mg+2 additional variables Y;, Y, . ., YZMQ +2 are introduced as follows.

The first MgQ variables convert Eq. (12) from an inequality to the equation

Nt T ' ) .
Km1n+ Z Ves (0— 0+ Y =1. | (14)
ml =1

The variables Y_ZMQ +1 and Y2MQ+ 2 are introduced from the condition

n
1
Yomge1> i+ D) Vs (01 —0), (15)
mi =1
l=1, 2, . ..,MQ;
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YZMQ+2=JZ (0s— 0. ‘ . (16)

The variables YMQ+1v YMQ+2- oo oy YZMQ convert Eq, (15) from an inequality to the equation

Y,ZIMQ'F1 Kmm + Z ?91 (pj - Pm) + YMQ_H_ (17)

=1
It is evident that all the additional variables are obtained by the following inequalities
oY, <1, 1=1,2,..., My;
0K Yugu<oo, 1=1,2, ..., Mq; (18)
S SYEL
v =8 <Y om 42 <hp.
-Th'e variable YzMQ +1 requires minimization o
Yomger1= Kmm + Z Yy (05— 0%") +YMQ+1 min. (19

i=1

Equation (19), togethef with Egs. (9), (14), and (16)-(18), is the canonical formula of the linear-programing
problem with two sets of bounds on the variables, and Egs. (13) and (19) are then equivalent.

t conditions must the solution of this problem satisfy? Suppose that some vector pOPt=(pPPt, o °pt
.ous pg ) minimizing the linear form in Eq. (19) under the cond%tlons in Eqgs, (9), (14), and (16)-(18) is found
The corresponding set of energy distributions over the cells Ql evidently has the following propertles

1) Q] does not exceed Ql in any of the Mq zones;

2) the maximum of the mean regulation-zone power is less than the maxima of other possible energy
distributions determined by other vectors [P = (py, Pg, + « «» P1)];

3) on passing from the initial energy distribution characterized by p(") = (pl(") p§° s o v ey p(°)) to the
optimal distribution (with pOUt) the reactivity balance is not disturbed.

_Thus, within the limits of the assumptions adopted, the energy distribution having the minimum value
of Kr (in the set of all possible energy distributions with fixed reactor power) is obtained.

Results of Calculations

To implement the above algorithm in ALGOL ona BESM-6 computer, the optimal-rod-control program
OPUS was developed. It solves the optomization problem by the simplex method [3]; the minimum permissible
size of a regulation zone is 3 x 3 HLP. Calculations with zones of 4 X 4 HLP and 89 CR require about 30 min,
including the time for sufficiently thorough methodological calculations, mainly for the treatment of the initial
energy distribution and those obtained by optimization and also for the formation of the initial simplex matrix. .
The "pure" time for the operation of the optimization subprogram of the simplex method is about 20 min,
Hence, a successful programing solution of this problem, with the maximum possible elimination of super-

fluous calculations of "long-lived" constants, allows the total time for the determination of the optimum energy
distribution on a BESM-6 computer to be reduced to 20 min,

It is of interest to consider the results of calculations with the above algorithm. The calculations also
involved, as a control, the QUAM program for neutron-physics calculations of the high-boiling reactor [4],
by means of which, on the basis of actual data on the state of the high-boiling reactor-at-any moment of its
use, the energy distribution in the active zone was calculated. This energy distribution was then introduced,
together with the corresponding data on CR positions, into the OPUS program. The optimum rod positions
obtained were then introduced as initial data into the QUAM program, which was used to calculate a new energy
distribution, The energy distributions according to the OPUS and QUAM (the second calculation with the
optimum rod positions) programs were compared. The nonuniformity coefficients of the radial HLP power
distribution (Ky) and the regulation zone KQ were compared, This whole set of calculations will be referred
to below as a step, The calculations were carried out for different states of the reactor.

The state of the high-boiling reactor of the second unit of the Leningrad APS on Oct. 30, 1975, was taken
as an example, It should be noted that the energy distribution in the reactor differed somewhat from the cal-
culated distribution. For example, the real value of Ky was smaller, The results are shown in Table 1, where
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TABLE 1, Change in Some Characteristics -
of the Energy Distribution during Optimiza-

tion
Step No.
Characteristic - -
0 1 2 3

R AM 1,520 | 1,308 | 1,379 | 1,378
KJaM 1,406 | 4,238 | 1,220 | 1,229
EOFUS — | 1,373 | 1,368 | 1,384
QPSS — 1,228 | 1,220 | 1,200
(i) . —
°6§US-QUAM 2,20 1,78 | 1,78

0 )

the following notation has been adopted: Ko " and Kau; " are the initial values of Ky and K¢ obtained by
the QUAM program; KIQ(%AM, Kgl({f’M, ?(I;)US, and Kgg)Us are the values of K, and KQ obtained in the QUAM

and OPUS programs as a result of the i-th step of the calculation; ogi)US_QUAM is the mean square deviation

between the energy distribution obtained by the two programs as a result of the i-th step of the calculations.

It is evident from Table 1 that the optimum energy distribution is formed practically at the second step of the
calculations, Similar results were obtained for other reactor states.

The permissible reactivity imbalance dp in the calculations using the OPUS program was taken to be
unity, i.e., the reactivity before and after optimization may differ by no more than the mean efficiency of a
single CR, Although this condition was not violated, it should nevertheless be noted that, for an actual reac-
tivity margin smaller or larger than the optimum, this difference always had a limiting value: +1 and —1,
respectively. The reactivity imbalance caused a change of within 0.05% in the effective multiplication factor

Keff; this figure corresponds exactly to the main efficiency of a single CR. As calculations by the OPUS
program show, the optimum reactivity margin for the high-boiling reactor (ensuring the minimum Kyp) is
35-40 CR. ' : :

In analyzing the results it must first be remembered that in the QUAM program, in contrast to the OPUS
program, the CR position is described in discrete steps of 0.5 m, Therefore, the accurate values of the opti-
mum rod position obtained from the OPUS program are rounded to the nearest 0.25 m when they are intro-

duced in the QUAM program. This may, of course, effect the results, though it would be difficult to say to
what extent, '

The results seem to confirm that the two assumptions on which the optimization algorithm rests are

valid (at least for the high-boiling reactor). The analysis of the results indicates that the convergence of the
calculation process is rapid and, for practical purposes, one

step is evidently sufficient for the refinement of
_ the influence function of the rods. v : o

. The method outlined seems to offer two possible directions of development, First, calculations once or
twice a day may provide the basis for determining the operational settings and may give useful guidance to the
operator of the reactor, After APS have been equipped with computers considerably faster than existing mod-
els, an optimization program based on the above algorithm may be included in a set of programs for the oper-
ational regulation of the energy distribution, The optimum energy distribution may then be realized by a
simultaneous linear change in p from p(® to pOUt producing a linear transition from Qg ©) to Q oPt Finally,

this method may serve as the control for various kinds of approximate method, which, as may be expected,

ensure more rapid operation, and also. may be used in different kinds of problem on the optimization of re-
actor use, '
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GOMPREHENSIVE USE OF TRANSPLUTONIUM ELEMENTS — BY-
PRODUCTS OF THE NUCLEAR POWER INDUSTRY

V. N. Kosyakov and I. K. Shvetsov. , UDC 546.799: 621.039.004.1

With the development of the nuclear power industry, in the near future transplutonium elements (TPE)
will begin to build up in the fuel elements of atomic power plants in quantities running into tons. From the
point of view of toxicity and half-lives, TPE pose a ‘much greater danger than ordinary fission products do,
The large quantity in which they occur can greatly complicate the problem of burial of radioactive waste and
this reflects upon the cost of the energy obtained from atomic power plants.

The first step toward the solution of this problem may be made by the development of new methods for

the maximum extraction of TPE in the stage of chemical processing of the nuclear fuel. It was shown in [1]
that the danger in handling radioactive waste from processing of spent fuel elements containing plutonium and
TPE is reduced to the danger from ordinary fission products if 99.99% of the plutonium isotopes and 99.9%

of the TPE isotopes are extracted. Apparently, this is feasible in principle, although it does require some
improvement in the technology for processing spent nuclear fuel, A second problem arises: what should be
done with the extracted TPE ? The authors of several recent papers [2, 3] considered the possibility of com-
pletely "burning™ TPE to fission products in the same power reactors or special-purpose reactors, These
ideas are based on the fact that roughly half the TPE isotopes, through which the nuclear transformation chain
passes, are fissionable (have high values of of and 7). With such an approach, however, no account is taken
of the possibility of using TPE isotopes which have unique nuclear properties (Table 1), Since accumulation
of considerable amounts of TPE is not expected before the end of the century, it may be assumed that by that
. time new possibilities will appear for the use of TPE in various branches of science and engineering,

The latest data on the accumulation of TPE isotopes in VVER water-moderated —water-cooled power
reactors [3-5] (Table 2) can be used to estimate the annual accumulation of TPE isotopes in the reactors of
an atomic power plant with a total power of, e.g., 100 GW, It follows from Table 2 that the yield of TPE iso-
topes depends strongly on whether or not the plutonium is used as a nuclear fuel.

For nuclear power generation with the indicated power for thermal reactors operating on uranium fuel
the annual accumulation of plutonium is ~ 25 tons, It may be assumed that this plutonium will be burned in
uranium —plutonium reactors (fast breeder reactors are not considered here for the moment), The present
paper considers the annual accumulation of plutonium and TPE isotopes in the system of atomic power plant
with a total power of 100 GW(electmcal), consisting of reactors operating on uranium fuel (80%) and uranium-—
plutonium fuel (20%) and possible ways of using the plutonium and TPE isotopes obtamed

If all the plutonium separated during the chemical processing of fuel elements (it will contain 7.5 tons of
#1py in all) is held for a year, the ~ 380 kg of isotopically pure 24Am will build up in it and this isotope can
be isolated by chemical processing before the plutonium is charged into a reactor. Chemical reprocessing of
szradlated fuel can separate more than two tons of a mixture of the isotopes MAm and #3Am as well 225 kg of
‘Cm.,

If the americium and curium isotopes are completely extracted during each chemical processing, the
accumulation of isotopes of other TPE (e.g., berkelium and californium) can be neglected since their yields
are 5-6 orders of magnitude below that of 24Cm, Plutonium fuel, which in actual fact is a mixture of isotopes
including 2*%pu and 4Py, is fissionable, can be used repeatedly, and with complete burn-up is transformed
into long-lived #2Py with a yield of ~ 10% of the initial plutonium, i.e., 2.5 tons/yr.

Let us consider the feasibility of the practical use of the isotopes obtained. As an a-emitter 2!Am can
be employed to remove electrostatic charge, to produce neutron sources, etc.. Besides . rays, this isotope
also emits monoenergetic x rays (~35%) with an energy of 59.6 keV which can be used for a number of ana-
lytical purposes, especially in x-ray fluorescence elementary analysis, as well as for continuous measuring of
density, thickness, defects, etc. Only an insignificant quantity of the isotope obtained is required for this. Its

Translated from Atomnaya Energiya, Vol. 44, No. 4, pp. 315-319, April, 1978. Or1gmal article submltted
December 26, 1976; revision submitted August 1, 1977,
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TABLE 1, Nuclear Properties of Some TPE Isotopes (according to 1975 data [9])

Character foif Specific 02200 !

Isotope of decay Haif-life energy release,
w/g ¢ ! ¢ '

238Py o 87,75 yr 0,567 559 17,3 164 25
6Py o 6537 yr 7,1-10-3 289,5 0,030 8013 —
AUipy B 148 yr 4,0-10-3 362 1015 162 570
242py 2 3,87.10%yr 1,18-10~4 18,5 0 4275 4,7
M Am o 433 yr 0,107 in G 748 3,4 inG 1330 |- 21
. 1 in7 83,8 ' I 208
226Am 1839 B; 17% EC” 16,02h 1000 — 2100 - - <300
2621am 1R absorption 152 yr 2,8-10~3 — 7600 | — 1570
#3Am 3 7400 yr - 6,0-10-3 77 0 1927 3,34
242Cm « 163 days 122 ) 20 <5 150 ~0
#43Cm a 30 yr 1,57 — 690 0 1860
24Cm I3 181 yr 2,0 10,6 1,1 585 17,9
245Cm o3 - 8532 yr 6,4-10-3 383 2161 104 766

*EC —~ electron capture.

TABLE 2. Amount of Principal TPE Iso-
topes Formed in VVER Reactors of 1 GW

{electrical) :
Yield, kg/yr Yield, kg/yr
) U -~ Pu t U ~Pu
[sotope U fuel font [sotope U fuel fuct
240py, 56 500 21 Am 4,3 32
#Uipy 23 290 23Am | 2,7 43
#Pu | 10 | 200 [ #Cm | 0.66 8,7

o decay

. . n¥
(=] [Fa]
Fig. 1, Diagram illustrating production of %#2Cm under irradiation
- of americium by thermal neutrons, EC — electron capture,

main use could be as a starting material to obtain #2Cm (Fig. 1). The yield of #2Cm and other impurity iso-
topes will' depend on the irradiation conditions [6]." Thus, irradiation of 1 kg #!Am with a fluence of 1.2 - 102
neutrons/cm? at a flux density of 1.8+ 10! neutrons/ cm?- sec yields 350 g 2Cm, 350 g 21Am, 170 g of a mixture
of isotopes of plutonium isotopes (mainly 2Py and %2py with an admixture of #%uy), 30 g #3Am, and 100 g
fission products [7]. Hence, when chemically processed 380 kg irradiated 2!Am can yield ~ 200 kg almost

- isotopically pure #?Cm with an extremely high specific energy release (120 W/g), which in total is equivalent

to a thermal source with a power of ~ 25 MW, Sources based on %2Cm enable high temperatures to be attained
(>1000°C). Thus, when thermally stable compounds (Cmy0y) of density 10 g/cem3 are used %2Cm will ensure

a heat release of 1.2 kW/cm?®, Individual sources based on #2Cm have limited application because of their
short operating life (Ty/,=163 days). However, assemblies of many sources continuously replenished with
fresh sources can, in our opinion, be used successfully in stationary high-temperature facilities, especially
for pyrolysis of water to obtain hydrogen, Completely exhausted sources can be sent for chemical processing
to separate the daughter product, isotopically pure 238py suitable for medical applications (2%¥Pu obtained from
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Fig, 2. Diagram of comprehensive use of TPE,

irradiation of ®™p contains 2¥Pu and is not suitable for these purposes), At the same time ~ 100 kg of "energy"
28pu is formed (with an admixture of 2°Pu and #%Pu), suitable for isotopic generators; when the sources are
processed, the ?U formed in the decay of **®Pu can be returned to the reactor cycle. -

In the irradiation of a mixture of !Am and #3Am, commensurate quantities of %4Cm, whose content de-
pends on the irradiation conditions, will be obtained in addition to *2Cm and %8Py, containing *?pu and 2%u,
Irradiation of short duration in a neutron flux of moderate density gives the best results from the point of view
of #2Cm yield, For example, irradiation of a mixture of 2!Am and %3Am (60 +40%) for series of short periods
(of 3 months) at a flux density of 5 1018 neutrons/ cm? -« sec until complete burnup of the americium isotopes
occurs produces a mixture of %Cm and %4Cm with a roughly 20% yield of each isotope [8].

Thus, if ~2 tons of a mixture of americium isotopes is irradiated under optimal conditions, after chemi-
cal processing we get ~820kgof a mixture of >?Cm and */Cm (50 MW) as well as 180 kg (90 kW) of "energy"
238py (containing #?Pu and 2*°Pu). The mixture of curium, as well as pure #2Cm, can be used in high-tempera-
ture energy installations since its specific energy release will be ~ 62 W/g. By processing spent sources
(from the point of view of #2Cm) it is possible to obtain #*®Pu with a low content of 240Pu (~ 2.5%). In respect
of its radiation properties, this plutonium differs little from biomedical ?*%pu, Its total quantity is~ 420kg (or
210 kW), In addition to plutonium there will also be 400 kg #4Cm which can be combined with the #4Cm obtained
when spent fuel elements are processed. :

Some 225 kg of #4Cm can be extracted each year by processing. spent fuel elements from atomic power
plants. Processing of sources based on a mixture of 22Cm and #4Cm will leave 400 kg of #4cm, Moreover,
by special irradiation of 2.5 tons #2Puy it is possible to get no less than 1.5 tons of %4Cm, i.e., the total %4Cm
yield can come to ~ 2 tons/yr, which is equivalent to 6 MW (thermal). The isotope #4Cm is an o emitter with
a half-life of 18,1 years and an energy release of 2,9 W/ g and is highly suited for the construction of generators
of thermal and electrical energy. The stable operating life of an isotopic generator based on *4Cm (~ 2 years)
" is much higher than that of a #2Cm generator, These generators have the following advantages over %*%pu
generators,

1. The higher energy release ensures greater compactness (29 W/ cm®) which permits higher tempera-
tures to be attained and enables thermionic converters with a higher conversion coefficient to be used.

2. The fact that the critical mass of 24Cm is higher than that of 2®pu (55.8 kg for #4Cm and 28.5 kg for
238py [10]) makes it possible to construct a source with a maximum power roughly 10 times that attainable with
238py, :

A disadvantage of #4Cm in comparison with 2Py is its much higher yield of spontaneous fission neutrons
and highly energetic ¥ rays which necessitates additional biological ‘shielding,
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Upon completion of their service life #4cm sources can be subjected to chemical processing which can
extract the #%Pu formed and some quantities of heavy isotopes of curium, The #0py can be returned to the
plutonium fuel for burning up and the heavy curium isotopes can be irradiated in a high-flux reactor to obtain
252Cf in the required quantities. The isotope 242Pu is of no practical importance as yet but it can serve as a
convenient starting meterial for obtaining 4Cm and other heavy isotopes of curium, as well as berkelium and

californium. Thus, under irradiation in a high-flux reactor it can be almost completely transmuted into **/Cm,
whose application has already been considered.

As is seen from the estimates made above, the total quantity of curium isotopes extracted in a year is
equivalent to a thermal power of 80 MW. Such a power, besidés the well-known usé for low-power autonomous
generators of heat and electricity, can be used in any stationary high-temperature facility, e.g., for obtaining
hydrogen. Calculation shows that by using a heat source containing 10 kg #4Ccm (volume ~1 liter) or 250 g

#2cm it is theoretically poss1b1e to obtain a flow of helium at a temperature of ~ 1000°C and a volume flow
rate of ~ 30 liters/ sec.

To reduce energy losses during storage and transportation of powerful thermal generators (especially
when #2Cm is used) it is apparently desirable to combine such a unit for the technical use of high-temperature
heat into onetechnological complex with units for producing isotopic generators and for chemical processing
as well as with a reactor making it possible to carry out irradiation under the necessary conditions. Such a
unified technological complex .can give maximum economic effect and appreciably reduce the potential risk

from uncontrolled handling of isotopic sources 28py and provide small users with low—power sources of radi-
ation and energy sources based on 238pu, #1Am, %2Cm, 24Cm, %Cf,

The comprehensive use of plutonium and TPE isotopés (Fig. 2) in the final analysis gives a large yield
of high-temperature heat, »®Pu (800 kg) for isotopic generators, and some quantities of ordinary fission prod-
ucts which are present in any case during the processing of irradiated nuclear fuel.
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THE CONSTRUCTION O F COORDINATE FUNCTIONS IN THE METHOD
" OF IMBEDDED ELEMENTS FOR BOUNDARY-VALUE PROBLEMS
OF REACTOR THEORY |

V. V. Kuz'minov, I. 8. Slesarev, o UDC 539.125.52: 621.039.51.12
and A, A, Dudnikov :

The transition to more realistic models in computational investigations of reactors is linked with the
search for the possibility of a suitable description of the model and the development of an effective algorithm
for the solution of the transport equation under conditions of a complex (arbitrary in the general case) shape
of the zones. The expectations determined in this way are related to the use of the method of imbedded ele-
ments (MIE) [1, 2]. Coordinate functions satisfying the principal conditions are used in the known MIE schemes,

New MIE schemes are proposed inthis paper. The effectiveness of the method is shown in a problem in which
a part of the external boundary conditions belongs to the class of natural ones, but fulfillment of these condi-
tions is not required of thé coordinate functions. Methods are discussed of constructing coordinate functions

" satisfying the natural conditions, which permits one to expect an increase in the convergence rate to the exact

solution,

Several methods have been suggested in [3] for constructing coordinate functions for problems having
complex geometry. The regionally structured method is of special interest in problems having piecewise-
constant properties of the medium, The proposed construction schemes are applicable to the special cases
of heterogeneous composition of the system and are distinguished by the rather complicated structure of the
coordinate functions.

The MIE has been calculated for a model representing a reactor in the form of a region consisting of
arbitrarily arranged zones of compléx geometrical shape with constant neutron-physical properties, The basis
of MIE consists of the approximation of the solution ¢ of the diffusion equation by a set of polynomials Pj
which differ from zero in separate parts (elements} Qj of the calculated system, vanish at the boundaries of
the corresponding elements, and satisfy the conditions Pj =0 in Qj and Pj= 0 outside Qj. The coefficients of -
the polynomials are the unknowns, and the system of equations which determine the coefficients is obtained
from the variational principle., The construction of coordinate functions for regions of complex shape is sig~
nificantly simplified within the framework of MIE (in comparison with the data of [3]), and the possibility ap-
pears of constructing an approximate solution with known coupling conditions in cases of a more complex
composition of the system. : '

Typical boundary conditions for the neutron flux density on the external boﬁndary T are represented in
the form

) @ (r)|p=a, (1)
(here a isa specifie_d function) and ' )

(228 4y o ]|, =0 | )

where v is the normal to the boundary,

On the inner boundaries of zones with the normal v continuity conditions of the product D(r)[o &) /3 v}
are valid, where D(r), the diffusion coefficient, is a piecewise-constant function of the coordinates, Taking
-account of the fact that the continuity condition of D(r)[3&$(x) /9v] is a natural one for the differential operator -
of the diffusion equation, which in operator form is

LO (r) = MD (), ' (3)

for a homogeneous equation and

Translated from Atomnaya ﬁnergiya, Vol. 44, No. 4, pp. 319-323, April, 1978, Original article submitted
January 20, 1977.
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' LO(r)=0Q(r), (4)

for an inhomogeneous equation, we set up a functional F for problems (3) and (4) and the boundary conditions
(1) and (2), respectively: 1
F@1=5 {{®* (), MO )y +S V()@ () D (r)dT } ;

FIO]=A+(2(),0'()) v— (9" (). QM) v = [ v(n © (1) @+ () ar,

where A = (&%, L&)y is the scalar product of the phase variables in the volume V made symmetrical with the
aid of conditions on the inner boundaries and ®*(r) is a weighting (coupling) function,

It is well known that (1) and the continuity conditions of the solution of the diffusion problem are dominant
in the variational formulation; therefore, they stand out as the principal requirements on the coordinate func-
tions. The boundary conditions (2) and the continuity of D(r) [9&(r) /8v] are natural conditions, and this means
that they are optional for coordinate functions. The exact fulfillment of these conditions is usually achieved
only in the limit,

Let us cite as an illustration the calculation of the neutron distributions $(r)ina seétor of a reactor
(Fig. 1) on two boundaries I'y and I'y of which symmetry conditions [a particular case of the condition (2)] are
specified, and on whose third boundary T's the null Dirichlet conditions are specified:
D(r)|r,=0; 20(r) =0. (5)

av Ty, Tg

The macroscopic constants of the sector are given in Table 1. The system to be calculated is divided
into twelve elements: OCD, ABCD, D'C'CD, ABC'D!, A'B!C'D', ABB'A', OBA, ONN', K'KNN', OKK', N'NBA,
and zone IV in the form of a circle. It is expected that the azimuthal neutron flux density distribution (Fig. 2)
will be altered most significantly along the curve LL' (see Fig. 1). Let us consider the two cases:

Sapcp=2; Soap=2; S,=0
and
Sapep=2; Soap=4; Sa=0,

- where Sp is the degree of the polynomial in the element n. Normalization of the approximate solution ¢ of the
homogeneous equation is performed on the value of the flux density at the point L' [#(L") =5, 4], The increase
in the accuracy of fulfillment of the boundary conditions (5) is appreciable upon an increase of just the degree
of the polynomials SpaB.

The MIE scheme used in this example [1, 2] is directed towards fulfillment of only the principal condi-
tions, which simplifies significantly the computational algorithm. However, for a satisfactory description of
the distributions near the boundaries it is necessary in such schemes to use sufficiently many coordinate
functions (and this means coefficients to be determined). Methods exist for the construction of coordinate
functions within the framework of MIE which satisfy exactly ail (including the natural ones) boundary conditions
and the "matching™ conditions of the solution on the inner boundaries of the reactor zones. As a rule, the MIE
schemes in which such functions are used are complicated, require a lot of computational effort, but are eco-

0 w8l 8l L
0 15 3% 50 &0 90 . B0 r, cm
Fig. 1. Reaction model,
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TABLE 1. Zone Properties

Zone

Macro-

Group| scopic . .
constants I n nr v o @i i eniiae gy

RrS

D,cm 1,368 (0,976 [1,580 2,581
1 | Sgq,cm™ (0,026 [0,00776/0,0182  |0.00672
- { vSemtl o g 0 0,0098
D, em 0,940 10,281 0,957 .  [0,891
2 | Zy9, cm! (0,000213}0,00246]0,0000041810,0124

v3j,em™t o 0 0 0,0143

st=2em=Yo 096 [0,006260,0182  |0.00208 )

[

), rel. units
e :

s

oy

. 5’5 : 4|8 l%l deg
Fig. 2. Distribution of the approximate and
‘asymptotic neutron flux density (group 2)
along the curve LL'" 1) asymptotic solu-
tion of the problem (S, —=; n=1, 2, .. .,
12); 2) SOAB =2; and 3) SOAB =4,

1 1

4 - L
0 12

1
24

nomical with respect to computer memory requirements due to the lower dimensionality of the matrix opera-
tors and vectors, which consist of the polynomial coefficients, '

Let us proceed to an exposition of methods for the construction of coordinate functions which satisfy
exactly the boundary conditions on the external boundary of the reactor. In order that an approximate solution
in MIE satisfy the boundary conditions (both the principal ones and the natural ones), it is necessary to select
in the outer element the appropriate approximating function ®,(r) which ensures fulfillment of the specified
conditions. In constructing such a function we use the followi g structure [3]:

S Ry= gp— 00Dy 5+ g, : (6)
where & is the normalized equation of the external boundary of the region Q,, @, Ir =% L=0n=2,3,..;
?a% P= L;vis theinnernormalto I'y;; D, = ‘%"% + %“% a"y . The structure (6) takes the values

oR, -

RO Iro=(p0 roand v ra:‘(plro»

on the boundary T,

) Let the boundary Iy be divided into N smooth segments, and let Ty not necessarily be a smooth curve,
Then thie "splicing” formula

: _ g+ -.-+¢NT$N . . (8)

’

myy . "N
Ty ...+TN

which provides for fulfillment of the conditions

. dip ) gy
¢ Irh =0, Irh' avi r, T v T,

i=1,2,...,my—1; k=1,2,..., V.

’
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is another useful relation, Here 4"'k =1/ Wk, where @k is the normalized equation of the part of the boundary
k. :

In the general case the "splicing" formula and structure of the form (6) are simultaneously used in con-
nection with the construction of functions satisfying different conditions on various segments I'k of the bound-

ary. One can distinguish two approaches in the use of the "sphcmg" formula and the structure (6) in construc-
tion of the required function &(r):

1) the function ®,(r) is selected in the form (8), a nd the unknown functmns ¢k are sought in the form

Pn = Pon — C\)kDﬂPoxa +(ﬂh¢h
so'that the ¢k ensure fulfillment of the specified conditions on the segment Tk of the boundary; and

2) the function @ (r) is taken in the form (6), and the unknown functions ¢, and ¥ are sought in the form
(8) so that ¢, and ¥ ensure fulfillment of the specified condltlons on the entire boundary.

Using the first approach for the reactor illustrated in Flg. 1, let us construct a function @(r) which
ensures fulfillment of the conditions (5) on the segments Iy, Ty, and I'y, the normalized equations of which one
can represent respectively as

Gi=y; @y=zsin0—ycosd(8=60°); 'l(9)
G = o (R2—2%— ).

We seek the function & (r):

Put} 4§27+ Pats
O (N =""F1qrs

and the unknown functions qol and ¢z are represented as

Py= %1 - 0’101%1 +(011|9n i
} P2 = Pop— 0301z + D2z,
and @q is determined immediately from the boundary conditions (5): ‘
s ll‘s =0.

Let us require of ¢y and @, the fulfillment of the condltxons qﬁ | rg= 73 I 13=0 and ¢;=¢, at the point O
having the coordinates x=y=0. To this end let us take <p01 ‘Pm“’s: Pga= <p02w3. In addition it is evident from
the conditions (5) and the properties of the structure (7) that #; and zp2 should be equal to zero: ¥4 ;= Pol Iy=

0. After substitution of ¢y, ¢, and ¢; into @4(r) we obtain

@ (r) = (@01 —"91DACP01) 7+ ((Poz— ©2D,Po2) T3] (T3 + T2+ ).
It is evident that ®,(r) ensures fulfillment of the conditions (5) for any velues of the functions ¢y and ¢g,. -One
can select the latter in the form ‘ _
' » woi=0+2 Ahﬂh; (Poz=c+2 Bn"]m

where nk are coordinate functions wh1ch one can select in the form of power functmns, and C, Ak, and Bk are
unknown coefficients,

For the reactor model i]lustrated in Fig. 1 the function ®y(r) takes the form

o%, 9502 0%2 ] .
(‘Por—y ay +[¢°,—(xsxn6—vcosa)(snne — cos 8- ) (@ sin 8—y cos 6)

1 —+ 1 | 2R
y2 (zsin o—y (:os())2 - Rz_zz_yz

when the propertles of the operator D, are taken into account, As has already been pointed out, the approxima—

‘I’o(")—

tion that the function <I>o(r) is of the form

@ (1) = Po— @oD1P0 + @0
lies at the basis of the second approach.

1t follows from the boundary conditions (5) that the function @4(r) takes null values on I’ and is unknown

on I'y and I';, Letus introduce the unknown function ¢, which coincides with <I>o(r) on all segments of the
boundary, Then we have
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Ol =0 @l =%l Py, =%olpi
\P|1“=0; ‘plr‘=0~

from the conditions (5) and the properties of the structure. Having appiiéd the "splicing™ formula to the de-
termination of ¢y and ¥, we find ' '

Sttt +0Ts
P aratn

__ Wt L .
"f_11+12+fa’ v ‘ 0

After substitution of ¢, and § into $(r) we obtain

~ o~ (dag 8t , dwo Of \_
@y (r) = of — @D (¢1) = of —6o®( G 5 )

sy 0q> 0(00 3‘?)
- Of ( oz + ay

Here &, is the normalized equation of the boundary consisting of the segments Iy, Ty, 'and Ty it can be de-
termined with the aid of the R-operations A, [3]:

o= [y Ao (2 sin 6 — ycos 0)] /\02—13- (R*—=z*—y?) =0,
where A ; is determined by the expression z A\jy=z-+y —V 2? +yz.

And so we have

o= Yy (zsin®—ycos8)— Y yF - (zsin B—y cos0)% + [(RE— 22— y?)/2R]—
—V[y 4+ (zsinB—ycosB)—V 2+ (x sin O —y cos 6)2)2 - [(R2 — 2% — y?)2/4R?).

The function constructed ®,(r) ensures the fulfillment of the conditions (5) for any values of the function
o, which can be selected as before in the form of a series ¢ = 2 Apnr. One can often sxmphfy ®,(r) by using

peculiarities of the geometry of the problem., Thus it is easy to note that the normal derivative of Gy on the
segments Iy and Ty is equal to zero. Let us construct a function <I>0(r) which satisfies only the conditions that
the normal derivatives on Iy and TI'; be equal to zero without imposing any conditions on it along I';. By multi-
plying <I>0(r) by the equation of the boundary I'; we obtain the function & (r)= 3 (r)w3(r), which ensures fulfill-
ment of the conditions (5) and has a simpler form than in the previous method of construction ®,(r), One should
note that the function & ,(r) constructed in the second approach is differentiable everywhere except the angular
points, However, the function &(r) constructed in the first approach does not have this inadequacy, and it is
“interesting to note that the derivative of &(r) with’ respect to any direction within the limits of the angle ]

at point O is equal to zero, which agrees with the properties of the exact solution.

Let us proceed to the construction within the framework of MIE of a structure ‘which ensures fulfillment
- of the continuity conditions of D(r)[8@(r)/8v] on the inner boundaries of the reactor.

- We will assume that the element with index i+1 lies completely in the element with index i and that no
elements intersect and they are not in contact with each other. Then the coupling conditions on the boundary
T'j+1 are of the form ’

D, (n S5 =0 _p,, () £

ri+ .

) (Di(r)ll‘ —‘Dm(r)lr

Here ®i(r) is the solution in the element i and Dj(r) is the diffusion coefficient in the element i.

1
Fiag

z+i [y

As before, we will seek ®444(r) in the form

D (1) = Prag — O3y Dy, 449t 4 @311 Pi41

Here Dy, i1y = 0‘;;*,‘ aix+ ‘?“;i;‘ —gy— ; ®+1is the normalized equation of the boundary of the element i+1, and @i+q

and ¢;+; are unknown functions,
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It is not difficult to see that the conditions

@44 (r) |I‘,‘M Pity Irm (10)

o are fulfilled, i.e., Py 'pi“:oi (r) |Pi+i;

iy (1) __Diir)  a®i(r)
» av I"i“_ /DM (r) v
whence '
Yinlr, = By(r) o®,;(r)
W ™ Dia ()~ av Tiy’
~or in more general form .
: ' Dy oD :
L LR O WO S (11)

Heré H H?fl‘ﬂ is some unknown funct1on which vanishes on the boundary Tji4 and can be selected in the form
Oj4q 2 Ay After substitution of ¢j44 and ¥;j 4, in the form in whlch they are determined in Eqgs, (10) and.

(11) mto the equation for &; +1(r), we find

Dy (1) =Dy (") +[ 2 (?r) - 1] 041Dy, 1@ (1) +6=+l;|i+i-

Let us recall that within the framework of MIE the approx1mate solutmn in the element i+1 is determmed as
a sum: : :

D4y (1) =D (1) + Pisa (),
where Pj . 4(r) is a polynomial which differs ff‘om 'zero only in the element i+1,
It is evident that Pj+4(r) ‘has the form ' '

’ D — Dy,
Py (r)= —'(:Dl;"(—,l)"-(:')" 044Dy, l-H(Di (r) +0)i+l"ll+l
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SUBGROUP METHOD FOR TAKING ACCOUNT OF THE SPATIAL
DISTRIBUTION OF UNSCATTERED AND SINGLY SCATTERED
'NEUTRONS IN MULTIGROUP SHIELDING CALCULATIONS

V., F. Khokhlov, V, D, Tkachev, =~ . » - ~ UDC 621.039,51,12
V. L. Reitblat, and I, N, Sheino . ' : :

- The group-averaged neutron cross sections in resonance media- generally vary spatially since the struc-
ture of the neutron specttui over which the neutron cross sections are averaged has a spatial dependence
f11. It is practically impossible to take account of this dependence within the framework of the multigroup
procedure The spatial depéndence of the group-averaged cross sections hasa very important effect on the
spatial distribution of unscattered and singly scattered neutrons. Therefore, it is particularly important to .
take correct account of this dependence for such neutrons,

In multigroup calculations the spatlal dlstmbutlon of unscattered radlatlon ﬂm (%, ) and the source of
scattered radiation from the unscattered FJ (x, u) generally obeys an exponential law*: -
x/u o
¢, @ w=0wen|[—| ¥ | =0 w1 @, &
Lo ;
"y "J' T g R '
Fy@ m=3 j dpQ* () wi™ (2, W > X @exp [ ~ | Be(ar)da’ =
=11 s R
= 2 el @ ) B I ) dy @

g=t

l!_’—.+

where p is the cosine of the angle with the sh1e1d normal @(u) is the a.ng'ular distribution of the source of
neutrons of the group at the shield surface x=0, EJ (%) i8 the average total cross section of neutrons of group;
j, T3 (x/ 1) is the transm1ss1on functmn (the probablllty ofa neutron of g'roup i ‘moving.in ‘the’ dlrectmn u
reachmg point x without mak:ng a collisiony, wq —J (x, j '-—»u) is'the neutron scattermg md1catr1x, and E 3(x)
is the average cross section for the scattering of neutrons of group q. o

If the shielding material contains elements whose cross sections have a resonance structure, or if the
cross sections vary significantly within the group limits, even though they are monotonic, the spatial depen-
denceé of the unscattered radiation and the source-of scattered radiation from the unscattered in these groups
differs from exponential, This is a result of self-shielding of cross sections, and therefore in such cases it
is impossible to choose an effective group-averaged total cross section to describe the spatial distribution of
unscattered radiation over a sufficiently broad range of shiéld thicknesses [2].

In the present paper we propose to calculate the unscattered radiation and the spatial distribution of first
collisions in the subgroup approximation [3]. In this case the transmission function is approximated by a sum
of exponentials. In particular, for a homogeneous medium

n . . .
Do (&0 B)= Q' (@) 2 apexp (= Zpelp), 3)
where a}, is the fraction of subgroup p in group j, EJ is the total cross section in subgroup p of group j, and

n is the number of subgroups in the j-th group.

It is shown in (3, 4] that the error of approximation (3) does not exceed 3% when using two or three sub-
groups. The necessary subgroup parameters can either by obtained from experiment [4] or by analyzing the
calculated transmission functions [3],

*For ’simplicity we consider a plane one-dimensional problem without azimuthal dependence,

Translated from Atomnaya Energiya, Vol, 44, No. 4, pp. 324-327, A pril, 1978. Original article submitted
March 28, 1977,
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The scattered component of the neutron flux is determined by solving the kinetic equation with the source’
(x . from unscattered radiation in each energy group. If the cross sections are not constant within the
group limits, the correlation of the energy dependences of the total and scattering cross sections must be taken

into account in calculating this source. Then if it is assumed that the scattering indicatrix varies slowly with
neutron energy within the group limits, the source will have the form

i +1 )
Faw=23 | ow)w‘“’ (2, 1 —p) X
i -4
= J o+

X 5 du'Z, (x, u') exp [ S 2 (', u)d:c] > S dp’ ()9 % )w,"i(z, W o ) T (z/p), 4)

Aug g=1 -1

where Auq is the lethargy range of group q, and. Tq(x/u) is the transmlssmn functlon for scattering, i.e., the
probability that a neutron of group q moving in the direction p will reach pomt x and be scattered there.

Thus the problem is reduced to a correct calculation of the transmission function of the shielding medium.
In practice it is generally necessary to deal with multilayer shields composed of different chemical elements
and with the same chemical elements in different layers. When a shield layer consists of different elements,
the transmission functions are calculated as products of the transmission functions of the layers. If the same

elements are present in separate layers of the shield the correlation of the cross sections of these elements
must be taken into account. '

By considering the transmission of neutrons by each element in the shield composition general formulas

can be obtained for calculating transmission functions in the subgroup approximation. For point xk of the k-th
shield layer these formulas have the form

i a e o PR T SN
Tim/p =2 % -o- 2 Goilie - Gpy ( 3 plolipi) exp (— 3} 03 <l/p); ®)
) p1=t pe=1 Pa=1 . = . Py i
) . ni n2 N . j : N . . ’
Plagpy= 2 2 ..o X apap .- apy exp(—3 op2ilp); (6)
pr=1 pa=1 1_JN=1 . . i.21 )
k=1 o Bt
=3 of ban o7 (m— % Azm), o ("

where Nj is the number of elements-in the first- k layers of the shiéld ain is the fraction of subgroup p in the
j-thgroup of the i-th element, Nk is the number of elements in the k-th layer of the shield, p1 is the nuclear

den51ty of the i-th element in the k-th layer, chk Pl is the microscopic scattermg cross section in subgroup p

of the j-th group of the l-th element in the k-th layer, O'J is the total microscopic cross section in subgroup
- p of j-th group of the i-th element, 1'11‘ is the reduced thlcfmess of the i-th element in the first k layers of the

shield, nj is the number of subgroups of the i-th element in the j-th group, and Axm is the thickness of the
m-~th layer of the shield.

Equations (5) and (6) enable one to take account of the correlation of the cross sections of identical ele-
ments in various layers of the shield. This is ensured by the introduction of the reduced thickness 7j for
each i-th element in the shield composition. From the definition of T4 {Eq. (7) it follows that the reduced
thickness of the i-th element in each layer of the shield is computed from the reduced thicknesses of the pre-
ceding layers containing the i-th element. The usual multigroup calculations do not take account of the corre-
lations of the cross sections of identical elements in various layers of the shield, since the transmission func-
tion of a multilayer medium is determined by the product of the transmission functions of the separate layers,
For example, in calculating the transmission functions of 0.4-0.8-MeV neutrons through a three-layer shield
of iron, water, iron with each layer 10 cm thick, neglecting the correlation of the iron cross sections in the

first and last layers leads to an error of ~63%. The algorithm for calculating the transmlsswn functlons ()
and (6) was realized in the complex OBRAZ program [51.

The proposed method of taking correct account of the spatial distribution of singly scattered neutrons
was realized in a specially developed program ALGOL ROZA-T for a Minsk-22 computer. The basic scheme
of numerical solution.of the kinetic equation was taken from [6]. The unscattered radiation was separated out
for an arbitrary angular distribution of the neutron source. To do this the angular distribution of the source
in each energy group where self-shielding of the cross sections of the medium under consideration is important
is represented as a superposition of plane monod1rect10na1 sources

O~ _Z 08 (1 — ). _ (8)
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The coefficients Ql are determined automatically in the ROZA-T program. The number N of terms in the sum
(8) is chosen to maintain the required accuracy of the approximation. The ROZA-T program runs in combina-
tion with the OBRAZ program.

The efficiency of the method was investigated by calculating slab shields of iron, water, and combinations
of them. The calculations were performed in the 2D;P; approximation (the 2D; approximation in the flux and
. the P approximation in scattering) for a neutron source with an energy spectrum of the BR-5 fast reactor
{7} in a 21-group approximation [5], All the necessary constants were calculated using the OBRAZ combina-
tion program. ' '

Figure 1 shows the ratios of the integral dose albedo and the transmitted neutron dose calculated by
taking ‘account of the unscattered radiation in the subgroup and group approximations for; a) layers of iron of
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various thicknesses, and b) for various angles of incidence of a plane beam of neutrons on a 10-cm-thick layer'
of iron. These data show that the effect of a more accurate treatment of the unscattered radiation, which is
maximum for monodirectional radiation at 0 =0, is preserved for a distributed source. The behavior of the
ratios (Fig. 1a) for the albedo for a small thickness is determined by the singly scattered radiation, which is
proportional to the transmission function for scattering [4]. As x—0 the exact function Tg(x) approaches (Zg)
the unblocked cross section; in the usual group approximation it approaches Tg, the blocked cross section,
Therefore the usual group approximation underestimates the albedo in the resonance region since (Zg) > Zs.
The penetration of neutrons through small thicknesses of matter is determined mainly by the unscattered radi-
ation, which in both cases has a distribution which approaches that of the external source as x—0; therefore
the ratio of the transmitted doses approaches unity. As the angle of incidence of a plane beam of neutrons is
increased, the albedo and dose ratios (Fig. 1b) approach unity, since in this case the effect of the unscattered
radiation can be neglected, and the spatial distribution of singly scattered neutrons is equivalent to a plane

source of scattered neutrons at x=0, with the albedo and transmission determined by the same constants in
the subgroup and usual group calculations, '

Figure 2 shows the spatial distributions of neutron fluxes in a two-layer iron—water shield, Taking ac-
count of the unscattered radiation has a significant effect on the distribution of neutrons in water, mainly be-

cause of the change in spectrum of resonance neutrons transmitted by iron. As they emerge from this system
the neutron fluxes being compared differ by about a factor of two for both sources.

The correct account of the unscattered radiation in few-group calculations when the shielding medium
consists of elements with monotonically varying cross sections is particularly important, since in this case
the effect of self-shielding of the cross sections increases with an increase in the energy range of the group.
For example, the transmission of fast neutrons which have a fission spectrum with energies E > 0.8 MeV
through a layer of water 80 cm thick calculated in the one-group approximation is = 10° times smaller than

the transmission calculated in the five-group approximation, .In such cases it is particularly important to take
account of the oorxfelation of cross sections of the same elements in separate layers of the shield.
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THERMODYNAMIC STABIL'ITY OF URANIUM MONONITRIDE

S. A, Balankin, L, P. Loshmanov, ‘ UDC 621.039.544.57
D. M, Skorov, and V. S, Sokolov ' '

Thermodynamic stability may restrict the use of uranium mononitride as a nuclear fuel in high-tempera-
ture reactors, as a result of the change in the composition of the UN and the appearance of free uranium at
high temperatures. A change in the composition of the UN is indicated by the reduction in the rate of vaporiza-
tion when the material is held isothermally at temperatures of 1878 and 1983°K [1]. There are also reports
of observed changes in the partial pressures of nitrogen and uranium in the vaporization of UN [2, 3]; however,
the reasons for these changes are not dis‘,cussed‘in detail. Data on the temperature at which free uranium
appears in the UN vary widely: 1773°K according to [4], 1973°K according to [5], and 2073°K according to [1].

To investigate this phenomenon, we measured the rate of vaporization in the 1758-2168°K temperature
range. The temperature at which the free uranium appeared was determined by x-ray phase analysis of the
specimens after vaporization experiments, The original uranium nitride had the following chemical composi-
tion (in % by mass): U, 94.3; N, 5,15; C (total), 0.1; C (free), 0.018; O, 0.25; this corresponds to the formula
composition UNg 4:Cg.0200.00)0.99 = 0.01- The x-ray analysis of the original specimens did not indicate the
presence of any phases other than uranium mononitride with a lattice period of 4.890 £ 0,001 A.. The rate of
vaporization was investigated in a vacuum of 1 1075 mm Hg by the Langmuir method in the variant using con-
tinuous weighing in a high-temperature apparatus with automatic recording of the measurement results [6].
The measurement error in the vaporization rate was 15%, A specimen having the shape of a plate measuring
7X 7x 1 mm, weighed on a quartz microbalance with a tungsten filament, after establishing the necessary

‘temperature, was left in the heating zone, and the changes in the mass of the specimen were then automatically
recorded. It follows from Fig, 1 that for isothermal holding, the rate of vaporization decreases, reaching a
constant time-independent value. The results of x-ray phase analysis mdlcabe the presence of free uranium

" in the uranium mononitride specnnens held at 1970°K and higher, which is in good agreement with the data

of [5].

In order to explam the results on the basis of statlstical—thermodynamlc theory [7], which was success-
fully used for UC [8], we calculated the variation of the partial pressures of uranium and nitrogen as functions
of the temperature and the composition of the uranium mononitride. ' According to’ [7], the expres sions for the
partial pressures of the components of the phase Aj_,Bx have the form

lnP,i—lnle—(FA+23T1n2a)/2RTJ-ln 2= ¢V
to Py=InPp—F5/2RT +1n 5=, . (@

o where Pg and P° are the pressure values above the pure components A and B F+ and F"‘ are the free energies

of formation of the structural vacancies of the oomponents A and B; ¢ is the concentration of thermal vacancies
. in the metallic or nonmetallic sublattices.

Knowing the partial pressures of the components above a compound of known compositlon and the pres-
. sures above the pure components, we can determine from Eqgs, (1) and (2) the values of FB, Fh A+ 2RTIn2c and
then obtain expressmns for the partial pressures in the region of homogeneity of the compound,

Subst:mtmg the experxmentally determined partial pressures of uranium and nitrogen over UN; g into
Eqs, (1) and (2), using the most reliable values of the pressure above pure uranium [9], we can determine the
desired values:

Fu»+2RT In 2= 60400 — 80,07, J/mole: (3)
P+ = 583000 — 99,47 1/mole, : “)

Translated from Atomnaya Energiya, Vol. 44, No. 4, pp. 327-329, April, 1978, Original article submitted
February 17, 1977,
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b) rate of vaporization of original (O) and
. congruent (®) compositions, '

and find the variation with temperature of the partlal pressures of uranium and nitrogen above uranium mono-

nitride spec:.mens of various compositions:

lg Py = 12.9_@944 ‘—21 | N/,
30460

1gPN2

(5)
(6)

Making use of the vaporization congruence condition and expressions (5) and (6), we can represent the

temperature variation of the compositions of congruent vaporization (xi) of the UN in the form
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Figure 2 shows the calculated variations of the partial pressures of uranium and nitrogen and also of
the total rate of vaporization as functions of the composition U;_yNx at 1970°K. At compositions close to .
stoichiometric the partial pressure of nitrogen is considerably higher than the partial pressure of uraninm
(see Fig. 2), which must lead to nitrogen depletion of the uranium mononitride, as shown by (7). The partial
pressure of the nitrogen and the rate of vaporization decrease, while the partial pressure of uranium increases
until congruent vaporization is achieved, The foregoing explains the experimentally observed changes [1-3]
in the rate of vaporization and the partial pressures of uranium and nitrogen when UN vaporizes.

In accordance with Eq, (7), the higher the temperature the closer the composition of congruent vaporiza-
tion will be to the lower limit of the region of homogeneity of the UN, At a certain temperature (1970°K) the
composition of the congruent vaporization reaches the lower limit of the homogeneity region.

For comparison with the calculations, we show in Fig. 2 the published data on partial pressures of nitro-
gen and uranium, as well as the experimental results on the rate of vaporization. Since in [8] the UN speci-
mens, before the investigation, were subjected to prolonged annealing at the maximum experimental tempera-
ture, the composition of the specimens varied. Therefore we applied a correction obtained from [8] to the
composition which, according to Eq. (7), corresponds to the annealing temperature. Fig. 2b shows the experi-
mental data on the rate of vaporization of the original composition and the composition of congruent vaporiza-
tion of the UN. The data for the original composition corresponds to the rate of vaporization at the initial
instant of time at 1970°K (see Fig. 1). The final, time-independent value of the rate of vaporization relates
to the composition of the congruent vaporization, ca.lculated from Eq. (7). The calculated, experimental, and
pubhshed data are in good agreement,

Thus, we have established that the experimentally observed decrease in the rate of vaporization in the
process of isothermal holding is due to nitrogen depletion of the uranium mononitride and also to the appear-
ance of free uranium as a second phase at 1970°K.
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NEUTRON MULTIPLICATION IN URANIUM BOMBARDED
WITH 300-660-MeV PROTONS

R. G. Vasil'kov, V, I, Goi'danskii, UDC 621;039.54
B. A. Pimenov, Yu, N, Pokotilovskili,
and L, V. Chistyakov

Research on neutron multiplication in massive (quasi-infinite) blocks of heavy elements, such as Pb,
Bi, Th, and U, bombarded with particles accelerated to hundreds and thousands of mega-electron-volts is of
interest for the solution of various scientific and applied problems. For example, high-current beams of
accelerated protons, deuterons, and possibly helium nuclei, may offer a convenient method, frequently called
electronuclear, of producing free neutrons which may turn out to be a useful supplement to the self-sustaining
chain process of nuclear fission and controlled thermonuclear fusion for the large-scale production of neu-
trons in general, and for nuclear power engineering in particular. The idea of producing free neutrons by
using proton or deuteron accelerators was suggested in the late 1940s by N. N, Semenov in the USSR and in-
dependently by E. O, Lawrence in the U, S., and was subsequently developed in the U. S, and Canada to the

level of technical designs of electronuclear devices [1, 2]. The possible role of such devices was discussed
in [2-9]. T

To aid the development of these plans, and also for other reasons, many calculations and measurements
of neutron yields from targets of various geometries and compositions were performed in several laboratories
[10-15]. In particular, in 1963-1969 the authors studied neutron multiplication in massive targets of uranium

metal bombarded with 300-, 400-, 500-, and 660-MeV protons at the synchrocyclotron of the Nuclear Problems
Laboratory at Dubna.

Method of Measurement. The absorption of protons in a uranium target leads to the production of fast
cascade and evaporation neutrons and also fission neutrons with energies ~1-100 MeV which are scattered
by uranium nuclei and degraded to energies in the range where their radiative capture occurs:

258 (n, ‘Y) wy B 239N p B 2spy.

During slowing down, the neutrons are further multiplied as a result of uranium fission., By measuring the
(n, v) capture-density distribution over the volume of the target A(z, r, ¢) and integrating this distribution,
normalized to one absorbed accelerated proton and one gram of target material, we obtain the total pumber
of captures (the 23°Pu yield) per high-energy proton:

Y=pS Az, 1, 9)dv,

\4 .
where z is in the direction of the proton beam and p is the density of the uranium metal. A cylindrical co-
ordinate system (r, ¢, z) is used since the neutron-density distribution must be axisymmetric in a homogene-
ous target, Since the fast-neutron source is axisymmetric, the measured distributions do not depend on ¢,
and therefore it is sufficient to measure them in any half-plane of the target passing through the axis of the
proton beam. Then the expression for the total yield takes the form

Y = 2mp S A’ (z, r)dS.
E
The number of fissions is determined in a similar way. The (n, y) capture-density distribution was
measured by the yield of 2®Np separated radiochemically from uranium samples irradiated at various points
in the target, and the uranium fission-density distribution was found by using miniature silicon surface-bar-
rier counters covered with a layer of uranium, The uranium samples in the radiochemical experiments and
the fissionable layers for the counters were made of the target material.

Primary Proton Beam. The experiments were performed with a 660-MeV extracted proton beam. For
experiments with 300-, 400-, and 500-MeV bombarding particles the primary protons were slowed down in

Translated from Atomnaya flnergiya, ch>1. 44, No. 4, pp. 329-335, April, 1978. Original article submitted
April 6, 1977,
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Fig, 1. Schematic diagram of target
arrangement in JINR synchrocyclo-
_tron'research room: 1) accelerator;
2) trajectory of extracted proton .
beam; 3) polyethylene attenuator;. 4)
magnetic lens; 5) bending magnet;
6) iron shielding wall with collima-
tors; 7) ionization chamber; 8) sup-
plementary shielding wall (60 cm of
concrete and 40 cm of iron); 9) lead -

- casing; 10) uranium, :
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Fig. 2, General view of a-portion of
the uranium target in its lead shield
showing the location of channels for
detectors and the opening for introduc-
ing the proton bheam into the target.
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Fig. 3. Distribution of activity of various detectors irradiated in channel 2 of a natu-
ral uranium target: 0) 2¥U; O) AL; x) Cu; A) In; 4) In in cadmium cover,

Fig, 4, Radial dependence of the activity of various detectors irradiated in a natural

uranium target at points corresponding to'the maximum of the longitudinal distribu-
tions: A) 23%U; e) Cu; O Al '

polyethylene attenuators placed in the beam before it entered the magnetic quadrupole lens. The required

thicknesses of the attenuators and the energy dispersion of the slowed-down protons were determined from
data in [16]. : . , .

By using magnetic probes, a focusing quadrupole, and a bending magnet, the proton beam was brought
through a 2-cm steel collimator in a 4-m iron shielding wall onto the target located = 5 m behind this wall.
The diamater of the proton beam at the target entrance was 4-5 cm (Fig, 1}.

In the work with semiconductor fission-fragment counters the intensity of the proton beam at the target
entrance was measured with a helium-filled ionization chamber calibrated by the *'Al(p, 3pn)#Na reaction.
Its cross section was taken from [17]. In experiments on the measurement of the **Pu yields when the uranium
detectors were irradiated for several hours, the total number of protons incident on the target during the time
of exposure was determined directly from the activity of the aluminum foil induced during this same time.

The absolute %Na activity of the irradiated foil was measured with a spectrometer using a Nal(T1)
crystal, The error in determining the number of protons absorbed by the target was = 7%.

Target. The targets were built up of rectangular bars of natural (2X4 X 8 cm) and depleted (8 X 8% 16
cm) uranium, The total mass of each target was ~ 3.5 tons, and its linear dimensions were 56 X 56 X 64 cm.
The background of high-energy scattered neutrons was reduced by surrounding the targets on all sides by a
10-cm-thick layer of lead. This lead casing also decreased the neutron leakage from the target somewhat,

The proton beam was introduced into the central part of the target through an opening 8x 8 cm in cross
section and 16 cm deep. As a result the neutron source was, so to speak, displaced into the interior of the
target, and this decreased the neutron leakage through its front face.

The detectors and silicon counters could be moved along a system of channels 2x 0.3 cm in cross sec-
tion and 60 cm long made in a diagonal plane of the target passing through the axis of the proton beam, The
channels were about 3 cm apart, parallel to the proton beam, and from 6 to 45 cm from it. A portion of the

target is shown in Fig. 2.
" The background was measured by removing the part of the target in which the protons were slowed down,

so that the beam passed freely through the 8 X 8-cm channel in the target to a concrete shielding wall about
13-14 m away. ‘
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Fig. 5. Distribution of (n, 7) capture density (i.e., of 2*Np nuclei) measured in channels 1,
. 3, 5, and 7 in a natural uranium target, The distribution is normalized to 1 g of natural
- uranium and one primary proton. Curve a is the background in a channel, . )

Fig, 6. Distribution of 25U fission density measured in channels 1, 2, 4, 7, and 11 in a de-
pleted uranium target. The distribution is normalized to 1 g of ?®U and one primary proton.

Detectors. The 2%¥Un, v) capture-density distribution in the target was measured with small uranium
samples of the same isotopic composition as the target. These samples were 1 X1X 0,1 cm in size and had
masses of 1.5-2 g. The samples were irradiated in the target channels for several hours and then allowed
to cool a day or two before the 239’Np was separated from them radiochemically. The absoluté activity of the
23%Np was then measured with a proportional -flux ‘counter every 2 or 3 days for 16-25 days. After the 3N
had decayed there remained an activity with a half-life of about 70 days, which contributed from 1-20% de-
pending on the length of the irradiation of the uranium sample and the cooling time before the measurements
of the 2¥Np activity were begun. The chemical yield of neptunium was at least 99.5%.

In addition, in the initial phase of the research the spatial distribution of the various groups of neutrons
was studied by recording them with aluminum, copper, natural uranjum, and indium detectors with and without
cadmium covers. Figures 3 and 4 show how the activities of such detectors as #Na, 4Cu, ?®y, and 11Uy
vary along a channel, In experiments with the depleted uranium target the number of time-consuming radio-
chemical operations was reduced by using the fact that the relative distributions measured with ¥y and $Cu
detectors are very nearly the same (cf. Figs. 3 and 4), and therefore in determining the total 2¥Pu yield the
relative (n, v) capture-density distributions were established from the absolute yield of %*Np measured in
the first six target channels, Similar capture-density distributions were obtained directly in natural uranium
from the 2*®Np yield in the first 12 target channels,

The uranium fission-density distribution in the target was measured with miniature fission chambers =
n-type silicon surface-barrier fission-fragment counters covered with aluminum foils with layers of uranium
deposited on them, In each series of experiments with natural or depleted uranium targets a set of 10 counters
was used. Five counters recorded fission fragments from a uranium layer of the same isotopic composition
as the target, and the other five "looked through" a layer of uranium of a different isotopic composition, Two
counters with uranium layers of different isotopic composition were located simultaneously at the same point
in each channel. For a known concentration of %°U and #8U nuclei in the detector layers and in the target, an
inspection of the two fission-density distributions obtained with a pair of counters calibrated in a standard
thermal-neutron flux permitted the determination not only of the sum of the 2¥U and ¥y fissions, but also
their partial contributions to this sum,
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Fig. 7. Fission-density distribution measured in channel 2 of 2 natural uranium

target at various energies of the prxmary protons: V) 300; (J) 400; O) 500; x) 660
MeV, -

Fig. 8. Dependence of total 23%py yield in a natural uranium target on the energy
of the bombardmg protons: ---) [18]; x) [20], O) our results.

In the experiments with a uranium target irradiated at the synchrocyclotron the counting rate of a frag-
ment detector is

N y= Hape,
where II is the proton flux, o is the number of fissions in the counter layer per gram per absorbed proton, p

is the mass of the uranium layer, and € is the efficiency of counting fission fragments, The counting rate

of this same detector in a neutron flux with a Maxwelhan spectrum at the normal temperature of the moderator
is g1ven by the expressmn

V o

Np = q)TO"rtas et P£

The combination of these two expressmns gives a value for the mterestmg quant1ty o wh1ch does not contain
the product pe:

o= I/ﬂ __N_y ﬂ ¢T0T935

2 Np A& n
Here {g is the relative concentratlon of 2%y in the counter layer, oT is the neutron ﬂux in the thermal column

of the reactor, o is the cross section for the fission of 25U by thermal neutrons, Np is Avogadro’s number,
and A is the mass number of the fissioning nucleus.

The values of Np for all counters were measured in the thermal column of the F-1 reactor at the I. V.
Kurchatov Institute of Atomic Energy, and the isotopic composition of the fissionable enriched and depleted

uranium counter layers was checked with an alpha spectrometer. As a rule the thickness of the layers was
250-300 pg/cm? and the area was 0.5 cm?, .

Results and Discussion. Figures 5 and 6 show typical distributions of 23%Np yields and U fission dens1-
ties obtained for 660-MeV protons. The distribution in natural uranium is similar to that in depleted uranium
and differs only slightly in ordinate., Such distributions were observed in almost all the 15 channels (in some
of them several times) under various operating conditions of the accelerator which significantly changed the -
intensity of the proton beam, and thus the constants cited below are averages over the data of 10 separate.
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TABLE 1, Yield of Pu and Number of
Fissions of Uranium Nuclei in Targets of
Natural and Depleted Uranium

E , . . o . -
Con- o B P L I TR
stant 300 400 500 660 '
y |147+18 22,1424 | 32,643,3 | 464
(12,241,4) [ (18,2+0,2)] (27,0%2,7) | (38F4)
59+0,8 | 8,9+1,14 | 13,1%1,4 {18,5%1,7
n (4,4%0,6) | (6,6%0.,8) | (9,7%1,1) [(13.7+1,2)
4,7¥0,6 | 7,0+0,8 | 10,4¥1,1 [14.6%1.3
T8 1 (3,930,5) | (5.8%0,7)| (8.7%1,0) |(12,2%1,1)
1,240,2 | 1 9+o,2 2,840,3 | 3,9%0,
T35 1(0,4830,08)|(0,720,09)(1,06-0,42) | (1,5%+0.1)
Note: Numbers in parentheses refer to de-
pleted uranium,

experiments, The %%y yield yield per 660-MeV proton, found by integrating the 2%Np distributions over the
volume of the target, is 46 + 4 in natural uranium and 38 + 4 in depleted uranium. Extrapolation of the measured
distributions beyond the limits of the target shows that the neutron leakage from targets of the dimensions

used does not exceed 10-12%, but this leakage is not included in our values of the plutonium yields and the
number of fissions,

Integration of the fission?-density distributions obtained for the same proton energy gives the following
values of the total number of uranium fissions 7 in the target and the numbers of 235y and 38y fissions:

in natural uranium 7=18.5+1.7; n35—3 9+ 0.4; N33=14.6%1.3;
in depleted uranium 7 =13.7%1.2; 15=1,520,1; ngp=12,2%1 lfissmnsperproton

- These values do not take account of nuclear fissions in the part of the target where the bombarding pro-
tons are slowed down and a cascade of nuclear reactions is initiated by high-energy nucleons, i.e., in the
fast-neutron source, For 660-MeV primary protons the number of inelastic interactions in the cascade can
reach five to six [18],-and taking 0,75-0.8 for the fissionability of uranium by nucleons with energies of hun-
dreds of mega-electron-volts {19], these leadto approximately three or four fissions in the source [18],

The dependence of the quantities cited above on the energy of the bombarding protons was also established
in the experiments. To do this the distribution (Fig, 7) similar to that shown in Fig. 6 was observed in the
second and third target channels at proton energies of 300, 400, and 500 MeV by using counters. The ratio
of the areas under these curves to the area under the curve measured at 660 MeV is a measure of the change
in the neutron source strength which occurs as the energy of the primary protons is varied. It was assumed
that the neutron-source spectrum varies slowly with the energy of the bombarding particles in the region
where the detectors were located, The relative values 6 of the neutron-source strengths measured in this
way for Ep= 300, 400, 500, and 660 MeV were 0.33+0.03, 0.48%0.04, 0.71 % 0.04, and 1, respectively.

Table 1 lists the values of the 2Py yields and the fission yields for natural and depleted uranium targets
at proton energies of 300, 400, and 500 MeV, obtained by multiplying the corresponding values measured at '
660 MeV by 6. The errors given take account of the errors at 660 MeV. The mean-square error of the values
of the *Pu yields is + 8% at Ep=660 MeV, and increases to = 12% at Ep=300 MeV, The loss of statistical

~accuracy at lower energies is due to the sharp decrease in the 1ntens1ty of the proton beam which results from
its scattering in the attenuators. :

_ The error in the measurements of the number of fissions is = 9% at Ep =660 MeV, and increases to *13%
at Ep=300 MeV, The largest contributions to the total error come from errors in determining the proton flux,
or the total number of them, (+ 7%) and in determining the thermal-neutron flux in the reactor for calibrating
the counters (+ 3%). The statistical accuracy of the measurement of the fission-density distributions (captures)
reached = 2% and * 8% at Ep =660 and 300 MeV, respectively, and the error in determining the absolute number
of B%Np nuclei did not exceed = 2%,

In addition, the decrease in neutron yields for 660-MeV protons was measured in several target channels
by replacing the uranium in the central part of the target, where the protons are slowed down, by a lead block
of the same size (8 X 8 X48 cm). The ratio of neutron yields for lead—uranium and natural uranium targets
was 0,48+ 0,2,
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Except for the results of [I8, 20] the authors know of no calculated or experimental data on neutron
yields and the number of fissions for infinite (quasi-infinite) uranium targets bombarded with accelerated pro-
tons with energies in the interesting range 300-700 MeV, Figure 8 compares data from [18], the present work,
and [20] obtained at the Chicago synchrocyclotron for 340-MeV protons, The calculations in {18] were per-
formed for quasi-infinite uranium targets 120 cm in diameter and 90 cm thick; the results in [20] were ob-
tained in experiments with a depleted uranium target. To within *5% such a target (30X 30 X 20 cm) emits
approximately nine neutrons per absorbed proton into the manganese sulfate solution surrounding it. This
number represents the outside value of the yield and does not include neutrons absorbed in the target itself.

1t is difficult to compare other experimental data [2, 11, 15] with our results since there are large dif-
ferences in target sizes. Our experiments used uranium cylinders 10-15 cm in diameter and 30-60 cm long.
Therefore it is proposed that a joint analysis of all the known results be performed later. In conclusion we
note that the measured numbers of fissions enable us to set up an energy balance in quasi-infinite uranium
targets, since the energy release in them is determined essentially by the fission energy of uranium nuclei.
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A TURBULENT PLASMA BLANKET

N. N, Vasil'ev, A, V., Nedospasov, : UDC 533.9:621,039,61
V. G. Petrov, and M, Z, Tokar! ' ' '

In future D—T tokamak power reactors the thermal ﬂuxes from the plasma to the wall will be 0.4-1
MW/m?2, With a plasma temperature of 10-20 keV at the axis of the reactor, a density n~10® m™3, and a
small fraction of multiply charged impurity ions, radiation may play only a second-order role in the removal
of energy from the reactor. The required thermal fluxes may occur if turbulence develops in the plasma vol-
ume due, e.g., to the trapped particle instability which is characterized at high temperatures by large trans-
port coefficients [1]. The reactor walls would then be in contact with a hot plasma (T =3 keV) and be bombarded
by particles with energies greatly in excess of the sputtering threshold of the wall material. Thus, power re-
actor designs include the use of divertors which attenuate the flux of partlcles and energy to the first wall by
two orders of magmmde

Another means of protecting the first wall that has been discussed previously [2] is to artlflclally induce
turbulence in the plasma near the wall to ensure that the required thermal fluxes are transported at relatively
low plasma temperatures. Here we consider a model of a turbulent plasma blanket assuming that Bohm dif-
fusion, with D= 1/16(cT/eB) and thermal diffusivity xi= Xe=3D/2 is produced in some fashion in a layer
~10 cm thick, It is shown that such a blanket can replace a divertor and remove helium. and unburnt fuel from
the reactor to ensure a low unpurlty content in the plasma,

- Derivation of Equations. The model used here for the physical processes in the region near the wall is
as follows. Electrons and ions diffusing perpendicular to the magnetic field strike the wall where they re-
combine and are thermalized. Because of desorption from the wall a flux of neutral atoms with a temperature
TM =1 eV enters the plasma [3]. It is assumed that their concentration is low and their mutual collisions may
be neglected. The following basic physical processes take place: ionization and excitation of the atoms by
electron impact, and charge exchange of atoms with ions. Since the probabilities of charge exchange and ioni-
zation are comparable, a substantial fraction of the atoms return to the wall,

Part of the neutrals escape through apertures or windows in the Walls and are absorbed, e.g., by cryo-
panels. Thus, it is possible to remove the helium that is formed along with unburnt fuel for regeneration in '
a steady-state reactor. It seems that the area of these apertures must be small,

The thickness of the region with the neutrals is small compared to the radius of the vessel and the be-
havior of the neutral atoms may be described by the one-dimensional kinetic equation '

x (-‘;%) = — (kiop+ k) nfa+kfina, (1)
where x is the distance from the wall; n and na are the plasma and atomic density; fj and fa are the velocity
distributions of the jons and neutral atoms; kion= (0ion | vel);Kex = (cex!|vel), k= ©celva — vil); Oion is
the ionization cross section; cex is the excitation cross section; oce is the charge exchange cross section;
and, { ) denotes averaging over a Maxwellian distribution. In the definitions of kjeon and kex it is assumed
that ve>>vy; k is taken to be a constant equal to the average value for the region being considered here,

The boundary conditions for Eq. (1) are the distribution function fM of the atoms desorbed from the wall
(x=0) and the absence of neutral atoms as x—«~, f)f and fj are assumed to correspond to a single velocity in
the x direction and to Maxwellian distributions in the other directions; i. e.,

szvnTL:/_ma(vx'_l/ 2T“) 23'[?1‘1 p{

} (2)
and

=5 [8 (0= V L) 48 (04 I )]z exe { — % 3 @

Translated from Atomnaya EnergLya, Vol, 44, No. 4, pp. 336-339, Aprll 1978. Original ar’ucle submltted
March 30, 1977.
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where m is the deuteron mass; T is the plasma temperature; t=3/2 — 1/ 7 is a coefficient chosen because
the average energy equals 3T/2; and TM is the flux of neutral atoms from the wall.

Equation (1) can be transformed into the integral equation [4]
Kk;
fa=tuexp { = SM*'—"MM [ R (4)
0 .

Here, f_, the distribution function of the charge exchange neutrals moving toward the wall (vx < 0), and f+ the
distribution function of the neutrals movmg away . from the wall (vx > 0), are given by

fo= S knﬂ'—vi-f ) fi (‘z",V)_‘evxp {S ML:;ICMdI”} 2 o o
and _ J ) ‘ .
B fe= S kna(x)h (.z V) exp{ S [_l‘lﬁ.i_(’_)ﬁi'_(ﬂdz }d:c | D o

' 0

Integrating Eq. (4) with respect to the veloc1t1es, we obtam an mtegral equatmn for the den51ty na and average
energy £a of the atoms. -

The plasma is treated in the hydrodynamic approximation and the magnetic field is dire(:ﬂy parallel to

the wall surface. It is assumed that the collision frequency 1s large, the ion and electron temperatures are
equal, and the plasma diffusion is ambipolar. ,

The particle balance equation including ionization has the form
E:%(D%)=kionﬁna- . } ' . )

In the energy balance equation for the plasma we include the enefgy loss due to ionization and excitation of

atoms, the exchange of energy between ions and atoms due to charge exchange, and the passing of the energy
of the ionized atoms into the plasma: s

"fi% = [" (Ikjont Iexkex )+ (Ea‘—3 T) -I—eakion]nna, ‘ : : (8)

where I and Iex are the ionization and excitation energies of the atoms (13.6 and 11 eV, respectlvely), Q=g+

(3T +DT is the total thermal flux transported by the plasma; and, q= (xi+ xe)M{dT/dx) is the thermal conduc-

tivity flux.

Boundary Conditions. We now describe the cho1ce of boundary cond1tlons for Eqgs. (7) and (8). For
x—0 (X<, where A is the mean free path of the atoms) heat transport is due to a flux of particles and the
thermal conductivity flux q is equal to zero. We can use the estimate n ~

Tr' _to determine the plasma
/

density right next to the wall, The hydrodynamic description of a plasma is valid when the characteristic dis-
tance over which the density changes, I=n/Vn, is g'reater than the ion cyclotron radius pj. Using the Bohm
diffusion coefficient, for x <A we can write DAn = p,}/ Tim; nll = nwV , from whmh it follows that n=

16(!/pi)ny. The limiting density for applicability of hydrodynam1cs is nH> ny; thus, there must be a point
x=xy when n=ng and ng/ (Vn)g =pj. In the following it is assumed that xj1 =0. The change in density from
nH to ny, takes place in a kinetic region of thickness of order pj<A; that is, setting I'=const and =0 in this

region is valid. As boundary conditions for Eqs. (7) and (8) at the wall (more precisely, at the boundary of
the kinetic region) we take q =0 and

n
TATL}:); = 0. ' 9

The flux of slow atoms from the wall, I'M, is determined by the condition for the problem to be steedy—
state The values of gjon, Oex, andoge are taken from [5-7].

The region with an artificial turbulence is chosen to be large enough (10 cm) that the flux of neutrals at
the inner boundary is small. The plasma density and thermal flux expected in future power reactors are
specified at this inner boundary: ny=10¥m™, Q=1 MW/ m% The plasma flow out of the reaction zone is
such ‘that the loss of particles due to diffusion is much (e.g., about 100 times) greater than the fuel consump-
tion. This regime can be produced by trapped particle turbulence and will cause a small fraction of hehum

to appear in the reactlon zone [1]. - For concreteness it was assumed that T,=Qy/3.5 MeV-100=2" 102 m
-1
sec™,
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~ Fig, 4. The velocity distribution of the charge exchanged atoms incident on the wall (1)
and the Maxwellian distribution (2) for equal particle fluxes and average energies.

Results. This system of equations was solved. by the method of successive approximations. The results
of the numerical calculation are shown in Figs. 1-3. The thickness of the region into which the neutrals pene-
trate is about 10 ecm. The accommodation coefficient of the atoms by the plasma is 0.6. The neutrals carry
off 30% of the energy and the luminous energy flux due to emission from excited atoms is insignificant. A few
estimates justify the neglect of interatomic collisions. The plasma temperature at the wall is 60 eV and the -
approximation Te=Tj=T is valid over the entire region of interest, except in the zone where cold charge ex-
changed atoms exist, The flux of charge exchanged neutrals to the wall is almost two orders of magnitude
- greater than I'y, which makes it possible to maintain a steady state with the a1d of apertures whose area is a
few percent of the entire surface.

In order to find the rate of sputtering of the wall by atoms and ions incident on it, the corresponding
velocity distributions must be known, It was shown in [4] that the dependence of the density of atoms on x is
similar for Maxwellian and one-velocity model ion distribution functions. Thus, using the plasma and atom
density profiles obtained here, it is possible to find the distribution function of the atoms for Maxwellian ions.
This function will not differ greatly from the case when the densities themselves have been evaluated assuming
that the ion distribution function is close to Maxwellian, Figure 4 shows the distribution function £_(0, vy) of
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the neutrals incident on the wall integrated over vy and vg. Knowledge of the distribution function £_(0, vx, v;) '

makes it possible to evaluate the sputtering of the wall by the atoms and ions incident on it:

10 o
Sa= § [ 110, vsr w1 vato 201 dv, . (10)
-0 { .
0 oo
8= _U L (o) o0{ o (1 +D }f @ vadosuosdos, - an

where € =(m/ 2) (v_2|_+V§(); Ta= 2¢,(0)/3; and f(&) ' is the sputtering coefficient of the wall by fuel ions and
atoms of energy €. For molybdenum f(¢) has the form [8]
f(e)=0for e<c60eV or £>>52.25 keV;
f(e)=5.2-10- (Ine —4.1) , . _
_ for 60eV <e<<5.25 keV; ' 12)
f(e) =1.04-10-2 (11 —1Ine) - ’
for 5.25 kev <<e<<52.25keV.

(In these formulas the value of the energy ¢ is in eV.) From the numerical calculation we have Sa= 8.9-1018"
m~2.sec-! and §;=6.8- 10! m~2-secl.

~ The steady-state impurity density near the wall can be determined from the balance of entering and es-
caping particles, : : ’

e Mo _ 5, 1.5, ‘ } _ (13)

The thermal speed of the impurities may be taken to be 10* m/sec, which corresponds to the plasma tempera-
ture. In this case nyo=6-10' m~3%, Because of the large turbulent diffusion coefficients (due to trapped par-
ticles in the reaction zone and to Bohm diffusion on the periphery), the impurity density distribution will be
flat over the cross section. The amount of self-sputtering of the wall is small compared to sputtering caused
by the main components of the plasma.

Therefore, a turbulent blanket can keep the impurity density much lower than the "lethal” amount danger-
ous for thermonuclear burn [9]. Artificially creating the conditions for Bohm diffusion of the plasma in the

wall layer will greatly ease the extreme conditions at the first wall of a »’;hermonucl‘ear reactor and reduce wall .

sputtering without using a divertor, :
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CAMAC ELECTRONIC HARDWARE FOR HIGH-ENERGY PHYSICS

I, F. Kolpakov : UDC 539,107.5

The electron spectrometer operating in a particle beam from an accelerator and on-line with a computer
is the principal type of hardware in high-energy physics. The electron spectrometer usually is a. multipurpose
setup for studying several types of events with elementary particles and comprises detectors, electronics for
receiving and recording information, and a computer for preliminary analysis of events. An event is expressed
by the simultaneous recording of several words by the setup,

A distinctive feature of the electronic hardware of high-energy physics, operating on-line with a com-
puter, as compared to the automatic control systems for technological processes is that the requirements
on a number of parameters are more stringent. This hardware boasts: a high rate of data accumulation in
the computer (up to 10 Mbit/ sec); a large volume of recorded data (number of parameters, channels), up to
10°-10% words/ sec; pulsed accumulation of events which are randomly distributed in time; reliability (con-
tinuous operation for several hundred hours); and a high level of external noise (high-frequency induction
from the accelerating electrical field and pulsed high-voltage discharges, and a2 magnetic field rapidly varying
at the rate of up to 5 T/sec). These features of spectrometers make the experience from their construction
and operation extremely attractive for both experimental facilities for scientific research and for control tasks,

. ‘The requirements placed on equipment for high-energy physics lead to an unequivocal need to employ
modular structure for systems and to build these systems from separate functional modules, The CAMAC
system, which today is an international standard (standard MEK482), was chosen in 1970 as the basis for the
* execution of such modular structures. '

In this system any electronic equipment is built from standard modules mounted in a crate (Fig. 1), a
unified chassis with a power supply unit in a system of parallel bus-lines on connector sockets at the back
panel. Exchange of data is effected through the bus-lines. The first crates at the Joint Institute for Nuclear-
Research (JINR) were made in 1970 and, moreover, crates of the Transrack company (France) were also used.
At first, 86-way connector sockets of the R 5000148 type were used (Carr Fastener Co., Ltd. and UECL, Gt.
Britain), In 1971 the Institute began using WK 46579-80 connectors (mfd. by Tesla Lanskroun, exported by -
KOVO, Czechoslovakia), In 1972-1973 production of crates was started in Poland* and Hungary.t These
crates contain a dataway made with multiple-wire cable and requiring power supphes. They now comprise
the bulk of the crates used at JINR,

, Individual systems are built from functional modules mounted in a crate, The exchange of data between
modules takes place through the extreme right-hand module, the controller, which occupies two mounting
stations. If the command source is connected to the controller or built into it, then it is possible to organize
an autonomous system (Fig. 2) to execute an individual program, e.g., output to a digital printer, perforator,
or indicator. The source of programs may consist, in particular, of a computer connected through an interface
module mounted in the crate. Up to 368 words can be obtained from such autonomous systems,

Some autonomous systems were built, viz,, a timer for controlling the Krion ion source, a system for
recording the parameters of an SKM-200 2-m streamer chamber, the beam indication system of the Lyudmila
2-m hydrogen chamber, and an output system to drive a digital printer, tape puncher, and indicators. One
such autonomous system, which takes data from ten 8-decade scalers with a counting rate of up to 160 MHz
and outputs these data into a digital printer, is used in a spectrometer for studying relativistic nuclei; this
system is shown in Fig, 3.

In 1970-1976 the High-Energy Physics Laboratory developed more than 120 different types of CAMAC
modules [1-3], which can be divided functionally into the following groups.

*Polon Enterprises (Warsaw), type 002 or 012, power supply unit type 041 or GZC-10, respectively; exported
by METRONEX,
{TsIFI Enterprises (Budapest), type CAM 9.01, exported by METRIMPEX,

Translated from Atomnaya Energiya, Vol, 44, No. 4, pp. 339-347, April, 1978, Original article submitted
December 28, 1976.
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Fig. 1. Functional modules in CAMAC crate,

Fig. 2 Fig. 3

Fig. 2. Schematic of autonomous one-crate system: 1) crate; 2) crate dataway (EUR,
4100e); 3) controller used to read from command memory; 4) permanent memory;
5) binary-to-binary-decade converter; 6) peripherals; 7) functional modules,

Fig, 3. System for output from decade scalers to digital printer,

1. Controllers of existing computers, in particular, for EC1010, Hp2116B, TPA1001, TPA-i, TPA-70,
and BESM-4; an autonomous controller; a type A controller for the organization of large systems on the basis
of an external cable dataway or branch and other modules for branch organization,

2, Counters and registers: binary scalers with a capacity of 16 X 4 and 24 % 2; decade counters with a
capacity of 10% (2-10%; parallel input and output registers of various types; etc.

3. Converters: 9-digit analog-to-digital (ADC) with a conversion time of 8 psec; digital-to-analog (DAC);
charge-to-digital; time-to-digital (TDQ); etc.

4. Interfaces (comnection module) for peripherals: punches, teletypes, digital printers, modems, digital
voltmeters, etc,
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Fig, 4, Distribution of individual modules according to-type: 1)
scintillation counter electronics; 2) wire chamber electronics; 3)
ADC, TDC, and DAC; 4) counters; 5) controllers; 6) interfaces
for peripherals,

Fig, 5. Schematic of radial connection of multicrate systems: 1)
computer; 2) dataway to computer; 3) peripheral; 4) crate d; 5)
crate 2; 6) ma’ccher.

5. Modules for recordmg data from detectors used in high-energy physms- wire-proportional .chambers,
spark chambers, and scintillation counters. .

It should be noted that analog.and nanosecond circuits as well as digital.modules have been made from
the outset in the CAMAC system,

Figure 4 shows the total number of CAMAC modules of various types which are used in-the. experimental
facilities of the Laboratory. All told, 179 crates and roughly 2000 CAMAC modules are used, - This is a sig-
nificant part of the CAMAC modules in JINR; 75% of the modules were built in the Institute and 25% weresob-
tained from Hungary and Poland. In particular, most of the type A controllers and the 12-digit precision ADC
were supplied by TsIFI (modules of types CAM 1.01 and CAM 4,05), "The proportional chamber modules and
part of the modules with the scintillation counter electronics were developed in the'Laboratory.and put_ into
production by Polon, which then supplied them to JINR.

The exchange of hf s1gnals between modules peripherals, and detectors in phys1cal installations:is. exe-
cuted through MK-50 connectors.* Earlier, before production of these connectors began in Czechoslovakla
similar connectors of the 00250 type (mfd. by LEMO, Switzerland) were used. For If signal s transmitted
through multiple cables to CAMAC modules, use is made of RP-15 multiple- -pin connectors and connectors

‘with 50,37, 25, 15, and 9 pins (type 871/ 881 Unitra-Electra, Poland) the equivalent of type-DBt (DB52,.DB25,
‘etc.). The most suitable for systems-with a.large number of inputs.is type 2DB (2D B52,-2DB25,.ete.).,

An intercrate interface which has a capacity for up to 704 words is-used to organize autonomous. systems
containing two crates.

The capabilities of each facility can be characterized by the number ¢f CAMAC crates used in it since
each crate holds a certain number of functional modules.

FExported by KOVO, Czechoslovakia,
t Cannon. Co., U. S, A,
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Fig. 6. CAMAC electronics of Foton facility.

Fig., 7. Schematic of CAMAC branch: 1) computer; 2) branch
controller; 3) type A crate controller; 4) crate 1; 5) crate 2;
6) crate 7; 7) branch matcher.

The following . spectrometers and control systems on-line with a computer are the main, and largest,
facilities of the Laboratory.

1. The Foton magnetic spark Cerenkov spectrometer with 100 spectrometric channels and 40 wire
chambers (eight crates, system with radial multiplexer connection to Hp2116B computer),

2. The Al'fa magnet1c spectrometer with proportional chambers with 2500 wires (13 crates, 2 branches,
system crate, and BESM- 4 computer).

3. Control system for slow synchrophasotron beam extraction (11 crates, branch for seven crates, sys-
tem crate, and EC1010 and EC1010B computers).

4. The large BIS-2 magnetic spectrometer with proportional chambers with 7500 wires (43 crates, two
branches, system crate, and EC1040 and TPA-i computers),

The first spectrometer on-line with an Hp2116B computer with CAMAC apparatus was the multipurpose
Foton system built in 1972-1973 for research on hadron physics [4]. The system contains eight crates and a
computer with 32K 16-digit words and a completé set of peripherals, The orgamzatmnal principle of the con-
nections between the system and the computer is illustrated in Fig. 5. Here, the controllers of individual
crates are connected directly to the computer channel through a multiplexer-driver, The driver is connected
to the computer through two channels, a command channel and a data channel, A channel consists of an inter-
face card in the input—output system of the computer and a cable connection to the driver. The signals of
each channel are separated in the driver in parallel to seven connectors in accordance with the number of the
crate controllers connected to the driver. Three crates hold the recording electronics for spark chambers
(two crates) and proportional chambers (one crate) as well as the monitoring and control modules (Fig. 6).
These modules make it possible to record, per useful start, 642 words of 16 bits which contain 640 coordinates
of 32 spark chambers, This information is transmitted in an exact format along the direct access channel to
the memory in 7,2 msec, The crate containing the proportional chamber electronics records 20 words of 16
bits from six proportional chambers., The remaining four crates hold ADC and scalers for recording data
from a 90-channel Cerenkov spectrometer. It should be noted that this system is an economic alternative
to the branch described below which presents another way of organizing large systems. It uses an external
cable-connector dataway and special crate controllers type A (CCA) which constitute a ‘so-called branch
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Fig, 8. Schematic of multibranch sys-
tems based on system crate: 1) com-
puter; 2) second control source; 3) sys-
tem crate; 4) CAMAC module; 5) execu-
tive controller; branch matcher.

Fig. 9. System crate,

(Fig. 7) containing as many as seven crates, Such a system can record up to 2576 words, A type 132PE189*
flexible multiple cable of 66 twisted pairs of wire and a type WSS 132t high-density 132-contact connector were
used to organize the branch, '

A special system of crates [5], enabling up to 10 branches or up to 20 command sources (computers) to
be connected, were used to construct arrangements containing more than one branch (Fig, 8). The system
crate is made in the form of a set of specialized modules which are mounted in an ordinary CAMAC crate.
This set contains a control module, a priority module or LAM grader, a branch interface module (AB), and
an interface module to the command source (CS) (Fig. 9). A computer or a manual control unit (during align-

*Preciable Bour, France,
THughes Microelectronics and EMIHUS Microcomponents, Gt, Britain,
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Fig. 10, Schematic of control system for
slow beam extraction from synchrophaso-
tron: 1) autonomous control source; 2)
system crate; 3) time-measurement crate;
4) measurement of beam profile and posi-
tion; 5) measurement of parameters of ac-
celerator and elements of extraction system;
6) correction of beam position, timing
modules; 7) interface crate to control panel;
8) measurement of nuclear intensity; 9)
measurement of beam orbit.

Fig. 11, Electronics of synchrophasotron control system,
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ment) may'be control sources. When there are several command sources their look-at-me requests to the
ceontrol module are organized by the LAM grader. :Unlike other systems of this type, a system crate does not
mrequire an additional external dataway; it can simultaneously .operate not only with several branches but also
with several command sources (computers) and thus makes-it possible to build systems comprising up-to 70
cerates,

Three large systems based on a system. crate have beenbuilt, For example, the Al'fa magnetic spec-
ttrometer, with 2500-wire proportional chambers:[6] for research.with rélativistic-o: particles, .contains ‘13 -
eerates organized in two branches on-line with a: BESM-4 computer (at a distance of:1,2 km from the:experi-
smental facility) or EC1010 computer, Transfer to the computer is carried out by 24:bit. CAMAC .driver-re-
cceivers through a parallel communications link based on 70 twisted pairs of hf telephone- cable and an appro-
;priate system crate,

Another example of large systems is-that of a system for recording the parameters and confrolling slow

-beam extraction from the synchrophasotron [7] (Fig, 10), The system includes an EC1010 computer with a
memory with a capacity of 32K words of 16 bits and a complete set of peripherals and, connected with it by .a
program channel, a computer with a memory with a capacity of 16K words of 8 bits, the second computer
serving as the display processor of a GD-71 graphical display. The electronics of the :gystem .is'mounted in
two CAMAC racks (Fig. 11). All told, 11 crates are used, including a-branch comprising seven.crates which
is connected to an EC1010 computer through a system crate. ‘Exchange of information (about 10K words) takes
place along the program channel at the rate of 30,000 24-bit words/ sec through an interface card into' the
input—output system of the computer. ‘In each acceleration cycle the system measures.and monitors the
spatial characteristics of the extracted beam, representing the information about therbeam priofiles in two
.planes and about the integrated profiles on all these segments, and in between cycles stabilizes:the spatial
.characteristics of the beam and provides the necessary information to the control panel about the operating
‘regimes of the system. The beam profiles are shown on the. GD-71 graphical display. The system of programs
+of exchange between two computers (rate of exchange up to 30 kbite/ sec) is controlled by means of a light
:pen and command symbols on the display screen. Output to the display occurs when a certain symbol 'is drawn
with the light pen.

The CAMAC equipment for measuring the spatial characteristics of the beam contains six'fast:8-bit
ADC, a buffer store module with a capacity of 256 words of 24 bits, and an autonomous. controller in a system
crate. Because the EC1010 computer has no direct-access channel, fast retrieval of information is effected
at first in the buffer store module and then in the computer. Measurement of the spatial characteristics of
the beam was synchronized by varying the magnetic field of the accelerator, the frequency of the accelerating
voltage, and the radial position:of the beam in the accelerating chamber, Moreover, the equipment of the
system includes parallel registers for the link with the operator’s control panel, 12-bit ADC for measure-
ments of the intensity and radical deflection of the beam, timers, interfaces for four- and five-digit voltmeters
for measuring the induction of the magnetic field, and binary and decade counters. The intensity curve during
the acceleration cycle is shown on the graphical display. Digital information is put on the screens.of four
VT 340 alphanumerical displays, where useful and omitted cycles are counted according to the azimuth in the
vertical and horizontal planes on an alphanumerical display. This crate contains‘two ‘8-bit ADC, .2 10 X 16~
bit-word memory, and other modules,

A large magnetic spark spectrometer with 7500-wire proportional -chamberson‘line with ‘EC 1070 and
TPA-i computers is installed at the present time on the beam of the 76-GeV accélerator of ‘theInstitute of
High-Energy Physics (IFVE) at Serpukhov [8]. The facility contains 43 crates and ‘two branches, organized
through a system crate. The software of all the systems described above was based on the manufactirer's
-control programs and the program drivers of the CAMAC equipment was based on the assemblers of the
respective computers, :

Large systems for high-energy physics can -serve as prototypes for some data ;systems for ‘eontrolling
itechnological processes on the basis of present-day CAMAC electronics. As shown by the experience.of
foreign companies, however, the construction of commercial CAMAC modules . requires such components.as
‘R AO302and F 302* connectors for twisted pairs, R A303 and F 303 as wellasRA1303'and F 1303* ‘(high~
‘voltage) connectors for-shielded twisted pairs, and AMP20, AMP6,;f 2DB52, 2DC79, and DB25% multi—
ple-way connectors. It is also necessary to have special-design cabinets, .protected from the ambient:conditions.

¥LEMO, Switzerland,
“TAmphenol, U, S. A,
fCannon, U, S. A,
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It proved possible to supply the CAMAC electronics for the needs of high-energy physics in a compara- '
tively short time, in many ways because of the collaboration with institutes of the socialist member-countries
of the Joint Institute for Nuclear Research (JINR), especially with the Polon and T'sIFI enterprises.

1In the-¢ohstruction of on-line facilities for high-energy physics the period of disappointment when the
computer was put on-line, a period which usually follows the great enthusiasm after the decision fo use a
computer, was reduced to a considerable degree. The comparatively rapid and successful start-up of these
facilities was due in no mean measure to the enormous work done on creating the system of CAMAC modules
and interfaces. The extension of the experience gained to other areas ofapplication is one piece of evidence-

of the great influence that basic scientific research in high-energy physics has on advances in modern tech-
nology.

Large electronic systems for physics have attained such a size that it is advisable to consider their
further development towards miniaturization (increasing the number of functions in an individual module) and
improving and simplifying data exchange. The application of special-purpose hybrid integrated circuits for
modules of detector electronics and analog modules is one of the promising ways of increasing the reliability
and miniaturization of this equipment, The prospect of using microprocessors and distributed control on the

basis of these microprocessors will permit computers to be relieved of many secondary tasks and to limit the
cost of such systems, . C ‘ :
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ONE POSSIBLE WAY OF MEASURING DOSES FROM
ACCIDENTAL IRRADIATION

I. A. Alekhin, S. P. Babenko, -UDC 539.12,08
I. B, Keirim- Markus, S. N. Kraltor,
and K. K, Kushnereva :

Interest has recently grown in the use of radiolyoluminescence (RLL) for the dosimetry of ionizing radi-
ation. This term denotes the lumineseence which arises when previously irradiated solids-are dissolved. It
was first observed back in 1895 [1] during dissolution of chlorides of alkali metals and it was then proposed
to call it lyoluminescence (from the Greek lyo, to dissolve), This term is still .in use today although in the
case of organic substances, e.g., saccharose (mannose, glucose, etc,) the emission of light occurs in.a com-
plicated manner and is associated not only with the d;,ssolutmn of the solid but also with chemical reactions
between it and the solvent.

The radiolyoluminescence of organic and inorganic substances in water was studied in [2,-3]. ‘It was
shown that the considerable RLL yield, the tissue-like composition of saccharides, the slight drop in the effect
with time after irradiation, the availability of substances, and the simplicity of observation of the luminescence
make it possible to construct lyoluminescence dosimeters for ionizing radiation. At the same time, compari-
son with familiar dosimeters such as thermoluminescence [4] (y-ray) or track dosimeters with fissionable
isotopes [5] (neutrons) shows that lyoluminescence dosimeters have poorer reproducibility of readings and
a large spread of characteristics during fabrication, and sensitivity to.moisture and other climatic factors,
and permit only one-time use. '

It might be mterestmg and useful to create new personal dosimeters, e.g., for neutron or. :x=ray radiation,
in which case the requirement of minimum energy dependence is difficult to meet. The principal .advantage
of RLL, in our opinion, lies in the fact that because of dissolution and liberation of the energy stored under
irradiation light is emitted by substances in which no radioluminescence of any sort is ordinarily observed.
This substantially extends the range of substances accessible for use in such 2 widespread, tried and tested
dosimetric method as luminescence dosimetry,

Radiolyoluminescence is possible not only in saccharides but also in other organic substances,.especially
in biological human tissue. Samples of such tissue as hair, nails, and a keratic layer of skin can-always be
taken from a person subjected to accidental irradiation and the radiation dose -can be. determined from the RLL
yield of these samples, The RLL data obtained about samples from various areas of the body surface can
supplement the existing system of emergency personal monitoring based on the use of IKS-A and GNEIS
‘personal dosimeters [6] and can be the sole sources of information about-the dose in-accidental irradiation
when there are no personal dosimeters at all.

“The RLL of biological tissue was detected with a scintillation detector (Fig. 1) with an FEU-29 photo-
multiplier (dark current on photomultiplier ~6 - 107 A with an anode sensitivity of 1000 A/lm), ‘Above the
photocathode is a glass cuvette containing.solvent., The biological tissue samples were contained in-a dish
on a shaft and dropped into the cuvette when the shaft was turned. The pulse of photomultiplier current caused
by the luminescence as the samples dissolved was fed into a measuring unit to determine the parameters of
the lyoluminescence.

The schematic of the measuring-unit is presented in Fig, 2. The pulse is fed into.a dc amplifier with

a small time constant and a delay line (7 g=1 msec) atits output. A50~Hz mercury relay connects the line to
a load whose resistance is equal to the wave resistance of the line. As a result, pulses are formed on the
load, their length being 2rci, frequency 50 Hz, and amplitude proportional to the running value of the RLL
"current at the instant that the load is connected. Thus, instead of a comparatively weak varying current due
to the RLL, there is a pulse train whose envelope coincides with the time dependence of the RLL. After the
converter changing amplitude to pulse count this pulse train arrives at the time analyzer and the spectrum
from the analyzer is fed into the digital printer or recorder, ‘

Translated from Atomnaya Energiya, Vol, 44, No. 4, pp. 347-350, April, 1978, Original article submitted
March 21, 1977.
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Fig. 1. Scintillation detector

for radiolyoluminescence: 1)
cuvette with solvent; 2) dish for
samples; 3) reflector; 4) photo-
multiplier. o

8 - 7

T

Fig. 2. Schematic of unit for measuring characteristics of radio-
lyoluminescence: 1) high-voltage rectifier; 2) photomultiplier; 3)
de amplifier; 4) delay line; 5) mercury relay; 6) amplitude-to-
count ‘converter; 7) time analyzer; 8) recorder (digital printer).

We detected radiolyoluminescence in such biological tissue as hair, nails, and the keratic layer of skin
jrradiated with neutrons from an IRT reactor [7] and ®Co y rays. The solvent used was an aqueous solution
of sodium sulfide and the samples weighed about 10 mg. The radiolyoluminescence intensity for y-ray-neutron
jrradiation is such that a dose of 1 and 3 krd for hair and nail, respectively, corresponds to the amplitude of
the anode current pulse from the photomultiplier of 6 - 10-7 A, If photomultipliers with a dark current 100
times smaller (e.g., FEU-37, FEU-71) are used, then a neutron dose of 10-30 rd is equivalent to such a current
and the minimum detectable doses will be even smaller; this is perfectly acceptable for emergency dosimetry.
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Fig, 3, Pulse of radmlyolummescence from hair(—) and its resolution into .com-
ponents (---),

Fig. 4. Radiolyoluminescence pulses from 2a) cotton and b) paper(—)and. their
‘resolution into components. (—--) .

A further increase in sens1t1v1ty can be-ensured by increasing the weight of the samples and countmg the
photons emitted during RLL instead of measuring the photomultiplier anode current.

The mechanism by which RLL occurs in biological tissue is evidently the same as in other organic sub-
stances [3]. Irradiation of tissue produces radical R which are in the bound state and, therefore, remain stable
for a certain time. When the samples are dissolved the radical become mobile -and interact with the oxygen

of the solvent, R +0,—+R0O,. Next, the molecules combine, forming a bmolecular group of oxygen in the excited
state: :

RO, + Rdz-»R- R+0; . - ' : : )

,When this group goes into the ground state luminescence ensues in the visible portion of the spectrum with
wavelength of ~4800 A.In the solvent used sodium sulfide ensures dissolution of the biological tissue and
‘mobility of the radicals whereas the water is the medium in which the radicals interact with-oxygen.

Since radicals with different rates of the reactions indicated are formed.during irradiation and since
individual components of hair may dissolve in different ways, several components are also observed in RLL.

In Fig. 3 they are seen inthe RLL pulse of neutron—irradlated hair, The pulse shape I(t) can be apprommated
by the sum of exponents

1()= 1 —exp (—t/%)] Jasexp (—t/w), - @

where Ty and T are the growth and decay constants, respectively; @i is the intensity- of the i-th component; and

t is the time, Three components are observed with a decay constant of 0.8, 3, and 30 sec. The.growth constant

of luminescence is 0.1 sec. When the samples are dissolved at a slower rate these ti.mes are roughly ten times
" the values for mannose which dissolves quickly in water [3].

_ Biological tissue does not exhaust the range of organic substances which are also exposed along with
humans during accidental irradiation; their lyoluminescence can be measured and used to determine the radia-
tion use. The clothing and documents of the individual are also irradiated and we detected RLL in them when
they were dissolved in organic solvents. Figure 4 shows a photomultiplier current pulse resulting from the
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RLL of the cotton fabric of overalls and smocks as well as paper under irradiation with y rays, Two com-
ponents are observed in the RLL decay curve; the constants characterizing them differ in absolute value by

a factor of 4-7 for these two samples. They are 1 and 5 sec for the fabric and 4 and 35 sec for the paper,
respectively, although cellulose is the basis of both materials, Evidently, different chemical modifications of
the cellulose in these two cases dissolve at various rates and have different mobilities. For this reason the
RLL growth rate proves to be different and, consequently, the RLL pulse maximum grows in 0.5 sec for the
fabric and in 2 sec for the paper. Their dose sensitivity is 5-7 times lower than for biological tissue but whena
lyoluminescence intensifier such as luminol (concentration ~ 107%%) is added to'the solvent, the sensitivity
increases by more than one order of magnitude [8]. The RLL of biological tissue and accompanying objects

of organic substances gradually decreases after irradiation since the radical concentration drops with time
[9]. Although some types of radicals disappear in the first few minutes after irradiation, there are some radi-
cals with long lifetimes, They make it possible to initiate RLL a long time after the irradiation (> 1.5 yr). It
thus follows, firstly, that corrections must be introduced for the time decay of RLL when determining the dose
for a concrete case of accidental irradiation, Secondly, the existence of long-lived RLL components gives
reason to hope that it will be possible to establish the level of radiation received by victims during radiation
accidents from inadequate dosimetric information if irradiated samples of biological tissue (hair, nails),

clothing, documents, etc. are conserved, It is necessary to get such ev1dence for an objective characterization
of the development of acute radiation sickness in the victims.

The results presented here show that it is possible on the basis of the RLL of human tissue and accom-
panying objects of organic substances to determine the dose received under accidental irradiation at any point
of the body surface. This possibility exists even in the absence of personal dosimeters, which is an extremely

important feature under real conditions when the irradiation may be highly uneven and when there may be
cases of accidental irradiation without desimetric mom’rormg
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DEPOSITED ARTICLES

POSSIBILITIES OF PURIFYING THE PRODUCTS OF CHEMONUCLEAR
SYNTHESIS, WITH ESTIMATES OF THE COST OF SUCH OPERATIONS

V. A. Bessonov and E. A, Borisov UDC 621.039.72

The synthesis of chemical compounds in a nuclear reactor requires the solution of a number of scientific—
technical problems [1, 2], important among which is the removal of radioactive impurities from the products.
When the synthesis is carried out with the use of the kinetic energy of fission fragments from nuclear fuel
(chemonuclear synthesis), the reaction mass and the synthesis products will be contaminated to a considerable
degree by radioactive substances. The activity of the reaction mixture in the production of ethylene glycol
(EG) in a 500-MW reactor at the initial instant of time after removal reaches values of the order of 10° Ci/ton.

We investigated the possibility of removing radioactive impurities from a reaction mixture of products
obtained in the synthesis of ethylene glycol from methanol in the liquid phase, The decontamination factors
for the reaction mixture reach values of several thousand with respect to individual radionuclides and depend
strongly on the method of decontamination and the composition of the radioactive impurities, Thus, for
centrifuging at an acceleration of 7000g and filtration through a Petryanov LSF-2 filter, the decontamination
factors for the removal of cerium, lanthanum, and zirconium range from 2 to 50; the removal of ruthenium
is poor, Coagulation with aluminum hydroxide concentrated to 0.5 g/liter and a pH of 7,0 makes it possiblie
to remove these elements with decontamination factors of 2-100,

The highest decontamination factors (up to 10%) are obtained by distillation of the reaction mixture, Iodine
is satisfactorily removed only by the ion-exchange resin AV-17 in the OH form, Calculated data on the amount
and composition of the radioactive wastes of a hypothetical plant producing EG by the chemonuclear method
at the rate of 36,000 tons/yr (a 500-MW reactor) indicate that the main activity will be found in the wastes of
the first decontamination stage (in our calculations this means the coagulation assembly) a few hours after
removal from the reactor. After 1 month the radioactivity of the wastes from this assembly decreases to
410 Ci. The specific radioactivity of the wastes may be reduced to 10°-10* Ci/liter,

On the basis of an economic appraisal of an entire EG production complex using a 1500-MW chemonu-
clear reactor, we can say that the capital expenditures for the decontamination system will be =~ 11% of the total
. capital expenditures, and the cost of processing in the decontamination stage will be =~ 9% of the total proces-

sing costs, In the calculations the cost of burying the highly active wastes of a 500-MW chemonuclear reactor
amounts to about 160 rubles/m3, The cost of burial of radioactive wastes, on the basis of the data published
in [3, 4], is estimated at about 360 rubles/ton, which is considerably higher than the burial costs obtained by
direct calculation. The increased expenditure is due mainly to the severe shielding requirements, the use of
expensive structural materials, remote control of the waste-processing operation, and steps required to re-
move heat from the burial sites. A large proportion of these expenditures were taken into account in the cal-
culations performed to estimate the cost of capital construction of the decontaminating installations and burial
systems, and therefore it may be assumed that the expenditure figures for the processing and burial of highly
active wastes as obtained by the direct calculation gives a more accurate picture of the possible cost of pro-
cessing highly active wastes in a future chemonuclear reactor.

Despite the optimistic overall picture found in the calculations on capital expenditures and reduced EG
production costs in a chemonuclear reactor of high productivity, the realization of such a process will require
a great deal of new scientific, technological, and design work.,
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THE RECONSTRUCTION OF A NEUTRON SPECTRUM

WITH A PRIORI INFORMATION

A. A. Shkurpelov, V. F. Zinchenko,

UDC 621.039.512.44
and B, A, Levin

Consideration is given to the question of taking account of a priori information when solving the incorrect
problem of reproducing a neutron spectrum from activation measurements, The problem reduces to finite-
dimensional form with the use of a system of effective constants obtained in the:paper by generalizing the

method of effective cross sections [1] to a large number of groups. The measured activation integrals are
written as

Ak'—z Ok, j‘PjU L&) M<N;

k={,....M =1

1)
Ej+i
o= | ewmas,
E
where 6k is the relative error of the activation measurements,
A priori information about the sought spectrum is given in the form of a set of integrated fluxes o™,v =0,
f, ... Li(®= [d>, = g ¢ (E) dE],which, with some degree of reliability, characterize the integrated flux j from
. . J . .
the sought spectrum. This set incorporates the results of measurements, the spectra of reactors of similar -
design, the results of measurements by other methods, etc. From the given set we choose a reference spec-

trum &9 which, in respect of energetic behavior, occupies an intermediate pos1t10n among the others. Con-
structmg the matrix
=1, .
71 { v=1,

and applying the simplest method in accordance with the algorithm gwen in (2], in matrix " we can optl.mally

isolate the given number of trial vectors { IIP} characterizing the general laws in the behavior of the mteg'rated
fluxes from the set; In this case ‘

. (V)
A=

Q =1, ..., ¥ ' .
(V) __ (V) (.\v) ] L |
5 —pZ‘ X p s 247\ v=t, o0y L (2)

where the number Q is taken to be smaller than the number of measurements M and A( v are the resulting
errors of the expansion, It is assumed that the sought spectrum can also be expanded in the basis vectors
{ Hp} s 1.,
@ e o : . - » .
/;=W—1=2 Xpllp, s 285 j=1s «-s Ny ' 3)
p=1

where 4 ,> max {A,M} and the coefficients Xp are sub;ect to determmatlon from the mtegrated experiments (1),
=1,

Writing the errors Aj and 0k as A;=P;Aand Sp=0pb (Pj=  max A8 8g; Bo=  ~ max ) NAgv) ib=, _min 'Mak).
v={, ..., L v=1,..., L; j= .
we can find the sought solution ®j and Xp by minimizing the functional

N 2
M D) Ony j— O, jeg) (1) O :
1 = @
A i S T e @

[

If the solution &} ,i=t, N obtained by minimizing functional (4) is to satlsfy the system of measure-
ments (1) within the limits of experunental error, the error A of the expansion is varied from the value A=4,
with a gradual increase. As soon as the solution begins to satisfy the system (1), the corresponding value of
A is taken to be the optimal and the matrix of errors for the sought solution is found by minimizing functional
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(4). The matrix can be used to evaluate the error in various functionals from the sought spectrum, including
those characterizing the efficiency of radiation damage of materials. The paper gives the results of processing
of the data from actual experiments which testify to the efficacy of the proposed method, As A—0 or A—=o,
the method is in agreement with methods published earlier [3, 4].
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v-ADSORPTION ANALYSIS OF A SUBSTANCE WITH ALLOWANCE
FOR EFFECT OF HEAVY IMPURITIES

I. A, Vasil'ev, Ya. A. Musm, . ' ' UDC 539.106
and P, I, Chalov -

The modification of the y-absorption method of analysis presented in the paper enables the concentration
of an element or a group of elements in samples to be determined in the presence of impurities with higher
atomic numbers than those of the elements being determined. The y-ray source is chosen with an energy .
such that: 1) the lower energy (E') lies between the values of the K-absorption edge of the heaviest element
determined and the lightest of the heavy impurity elements and 2) the highest energy (E"™) lies beyond the
K-absorption edge of the heaviest impurity element.

The concentration of the sum of the sought elemen’ts is found from the simple relation

—(ln —Pln ——m)/]#[

whereI is the intensity of _'y;ray beam after passage through a layer of the éamplevof thickness x; io is the’
initial intensity; and M and m are determined during calibration of the setup or by calculation from the formu-
las '

" . .
- Ci v pow
M=-‘=Z —C—i(Pi—Pl"i);
i==1
‘n

. m=z 2 Ci (u;—Pu)..
i=h+1

Here Cj and p are, respectively, the concentration of the i-th element in the sample and the coefficient of
y-ray attenuation in the i-th element; and Ci/C is the relative concentration of the i-th element being de-
termined in the sum. (All of the qua.ntltles refer to a y-ray energy of E! or E" respectively.)

The coefflclent Cis chosen from the condition of minimum variation

p= 3 (ot i/ 2} (AC)2 3,
: fmht 1 i=h+
where AC; is the real variation of the concentration of the i-th impurity element in the sample.

The method has been introduced in a plant producing rare-earths, where it is used for operatlve mon-
itoring of the technologlcal process.
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ESTIMATION OF THE STEADY-STATE ISOTOPIC COMPOSITION

OF PLUTONIUM IN A MODEL OF AN EXPONENTIALLY GROWING
NUCLEAR POWER INDUSTRY

"A, N, Shmelev, L. N. Yurova;

UDC 621.039.5
V. V., Kevrolev, and V, M, Murogov

The paper considers a three-component model of a developing nuclear power industry (including fast
breeders, thermal reactors, and hybrid thermonuclear reactors as auxiliary producers of plutonium) as well
as steady-state conditions of exponential development of the nuclear power industry with a close uranium—
plutonium cycle., The approach proposed by A.I. Leipunskii et al. (Third Geneva Conference, 1964, USSR,
Rep. No, 369) was used to formulate equations for the variations in the contents of higher plutonium isotopes
with allowance for losses and delays in the external fuel cycle. The relations obtained make it possible to
calculate the steady-state isotopic composition of plutonium as a function of the structure, the growth rate
of the nuclear power industry, the losses and delays in the external fuel cycle, and the critical charge of the

fast breeders. The isotopic composition obtained can be used to get more precise physical characteristics
for the reactors. The following conclusions were reached.

1. In the one-component model of the nuclear power industry, containing fast breeders, with allowance
for an increase in its growth rate the steady-state content of the higher plutonium isotopes in the fuel may
drop appreciably in comparison with the asymptotic content. For example, for a BN-600 fast breeder operating
on oxide fuel (the estimated asymptotic content of 289-%2py was 64.1, 26.4, 5.8, and 3.7%, respectively) with
allowance for the development of the nuclear power industry at a rate stith that it doubles in size in 5 years
the steady-state composition of #°-#2py is 79.3, 17.1, 2.9, and 0.7%, respectively.

2. The two-component model of the nuclear power industry contains fast breeders and thermal reactors,
with the proviso that the fuel from the fast breeder cores and shields can be charged into the thermal reactors
and then returned to the fast breeders. With a small proportion of fast breeders inthe industry, the tendenéy
to use the "cleanest" possible plutonium in the thermal reactors makes it preferable to choose the layout of
the fast breeders so that to an appreciable extent the charged fuel would burn out and new fuel would accumu-
late in various areas of the fast breeder cores. In this case the fast breeder cores will be provided with

"dirtier" plutonium since the plutonium burned up in them will be made up to a great extent by plutonium from
thermal reactors and not by their own production of 2¥pu,

3. In the two-component model of the nuclear power industry, containing hybrid thermonuclear reactors
and thermal reactors, the steady-state composition of the plutonium in the thermal reactors will be determined
by their own repeatedly regenerated plutonium and supplementéry charges from the thermonuclear reactors.
Such plutonium will be found to contain a noticeable quantity of higher isotopes. The inclusion of fast breeders
in the nuclear power industry can make the plutonium used in the thermal reactors "cleaner.”
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OPTIMIZATION OF THE CYCLICAL OPERATING REGIME
OF AN ATOMIC POWER PLANT REACTOR

V. I. Pavlov and V. D. Simonov ' UDC 621.039.516: 139,566

The maximum principle* is used to optimize the operating regime of an atomic power plant reactor
whose power is periodically reduced for several hours according to the load chart of the energy system, The
problem is solved for maximum operating time at nominal power Upom in a cycle of period T for a reactor
with an operational reactivity margin smaller than the non-steady-state p01son1ng with xenon which accumu-
lates during the fuel dlschargmg time T,

Since the operating regime of the reactor in the interval T — 7 consists of a phase at nominal power and
a preparatory phase which makes it possible for nominal power to be attained after the discharging time, the
problem reduces to one of minimizing the duration of the second phase, When the allowable values of the
power and concentration of ¥*Xe nuclei are limited from above, a reactor operating cycle satisfying the indi-
cated criterion is guaranteed by a three-stage sequence of change in power during the prepara’oory phase:
U(t) =0, U(t) =var, and U(t)=Upom.

The general character of the optimal operating regime and the quantitative characteristics of its indi-
vidual phases and stages are considered by examining the example of a one-group zero-dimensional model
of a water-moderated—water-cooled (VVER) power reactor, :

Caleulations are made for a number of 24-h cyclic regimes, differing as to the extent and duration of
the fuel discharging. Relations are obtained for the operating times at nominal power as a function of the
operative reactivity margin and minimum react1v1ty values are determmed in which case the regime need
not be optimized since cyclicity is ensured by operation at nominal power in the interval T — 7 and by direct
discharging in the time 7. The length of reactor operation at variable power U(t) =var is also calculated
as a function of the operative reactivity margin and the reactivity values for which a preparatory phase in
this stage ceases to be necessary are calculated

The method developed and the results calculated can be used to optimize cyclic regimes of reactor
operation with partial rechargings of fuel at the end of the run. For reactors with continuous fuel recharging
and a constant reactivity margin, in addition to optimizing the cyclic regime with a known reactivity margin,
the method makes it possible to calculate the minimum reactivity margin for a 24-h cyclic regime for an
atomic power plant in an energy system with an acceptable length of the phase of preparatlon for a decrease
in power.

*L. 8. Pontryagin, The Mathematical Theory of Optimal Processes [in Russian], Fizmatgiz, Moscow (1965),
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LETTERS '

SOME FEATURES OF NICKEL BLISTERING UNDER IRRADIATION
WITH HELIUM IONS

V.1, Krotov and S. Ya. Lebédéev . ' UDC 621.039,51

The process by which blisters (swellings) are formed on the surface of various métals and alloys under
irradiation with helium and hydrogen ions has been studied in a considerable number of works, especially
(1-5].

The present paper gives the results of studies of the surface of polycrystalline specimens of nickel after
irradiation with helium ions at various temperatures. Nickel foil 0.2 mm thick wis annealed at 800°C for 1 h
in a vacuum of 10~¢ mm Hg and, after eléctropolishing, specimens with a diameter of 3 mm were ciit from the
foil. The specimens were then again electropolished to reveal the grain boundaries, placed in a cassette, and
irradiated in the ILU-100 accelerator with 20-keV helium ions according to the method described in [6]. The
radiation temperatures was varied within the limits 400-700°C, the ion current was 40 yA /cm? and the total

dose was 8-10!7 jons/ em?,” The irradiated specimens were studied by means of optlcal microscopy and inter-
ferometry.

The outer anrular segment of each specimen was shaded from the ion beam by a shielding ring which
made possible a direct comparison of the state of the relief and level of the irradiated and unirradiated sur-
face. In all specimens there is a general rise in the level of the irradiated surface in comparison with the
adjacent unirradiated segment; this rise depends on the radiation temperature (Fig. 1), With a rise in the
radiation temperature, the height of the step gradually decreases, the uniformity of the distribution of blisters
over the surface and the area they occupy decrease, and so does the mean size of the blisters. After irradia-
tion at 700°C the blisters are practically indistinguishable under the optical microscope. '

Figure 2 gives the plots of the relative area occupied by blisters, their concentration, and their mean
size as a function of the temperature. At 400°C practically the entire area is covered comparatively uniformly
with blisters (Fig. 3a), at 500°C there is a noticeable difference in the covering of various grains (Fig. 3b), and
at 650°C the entire area of the specimen is free and only -several grains have blisters (Fig. 3c). In the range
400-450°C traces of comple’cely and partially destroyed blisters can be seen on the surface (Figs, 3a, 4a, and
4b), Thus, in addition to whole blisters in Fig. 4a we can clearly see round unshadowed contours, "bases"”
which had held the cupolas of the blisters, Figure 4b shows a micrograph of the same segment, taken with the

Ah,
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Fig. 1 . Fig. 2

Fig, 1, Rise Ah in level of irradiated part of specimen as function of radiation
temperature.

Fig. 2. A) Concentration p, @) mean size d and Q) relatlve area S occupied by
blisters as function of temperature,

Translated from Atomnaya Energ1ya Vol. 44, No. 4 pp. 355-857, April, 1978. Original article subm1tted
January 25, 1977; revision submitted August 22, 1977, ‘
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" Fig. 3. Photomicrographs of obliquely flluminated surfaces of nickel specimens irradi-
ated with 20-keV hehum ions with a dose of 8- 1017 mns/cm {x 1350) at: a) 400°C, b) 500°C,
and c} 650°C. :

Fig. 4. Photomicrographs of obliquely illumineted surfaces of' nickel specimens.irradiated .
with .20-keV helium ions at 450°C with a dose of 8-10!7 ions/em? (X1350) removed at different
focusing objectives: a) on sample surface: b) on cupola blisters.

objective focused on a plane somewhat above the plane of the specimen; this makes it possible to notice cupolas
which are beginning to tear away. The dark elongated formations in the micrograph are such cupolas, but
already turned almost vertically, which is why the "bases" from which they have partially torn away are v1s1b1e'
in Flg. 4a,

The observed pronounced anisotropy which arises in the distribution of blisters between the surfaces
of the various grains of the polycrystal with a decrease in temperature is probably related to the anisotropy
of the coefficient of helium diffusion in the crystal lattice. The effect of this amsotropy does not manifest
itself at low temperatures when the hehum diffusion is insignificant.

Note should also be taken of the character of the destruction of the blisters. Thus, on the basis of the
expressmns obtained for estimating the stresses in the center and along the periphery of the blister cupolas-
in the process of the llftmg of the cupola (proceedmg from the model of an edge-clamped round plates) it was
concluded [7] that at the instant the cupola begins to 1ift, when the deflection is smaller than the cupola wall -
thickness, the stress along the periphery is greater than the stress at the center of the cupola, i.e., in mate-
rials with low elastic deformation strain to failure the blister tear should occur along the contour (e.g., for
niobium). If the lift of the cupola is commensurate with its thickness, then the inverse relation is observed
and more convex blisters (i.e., in more plastic materials) should break at the center of the cupola (e.g., for
1Kh18N9T steel). Inthe case of nickel, which is a material with a quite high plasticity, judging by the con-
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siderations above, one would expect the blisters to break at the cupola center, whereas in Fig, 4 it is seen that
the bream occurs along the cupola periphery (as in niobium),

This disparity with calculation can be explained by the fact that the side walls of a quite high cupola will

become thinner when the central part sputters more qulckly since with oblique incidence the sputtering ratio
is high.

It may be that the cupola contour loses strength as the result of its side walls becoming saturated with
helium under oblique incidence and whereas the top of the cupola is "shot right through" by ions.

Undoubtedly there should also be a "dimensional® effect due to the fact that the cupola wall thickness
is comparable to the distances of the interactions of defects and structural components of the material with
' the cupola surfaces, Thus, dislocations come out on the surface, phase transformations occur on the surface

etc. [8]. The strength of the material in the zone of cupola-base contact may, therefore, differ from the
strength of the material of the cupola itself.

In conclusion, the authors are pleased to thank G. G. Gunin and L. A, Zhdamirov for preparing and
irradiating the specimens as well as L, P, Naumov and G, P. Fokin for processing the experimental results,
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SPATIAL FLUCTUATIONS OF lN-EUT.RON AND POWER
DISTRIBUTION IN CRITICAL REACTOR

V. K. Goryunov UDC 621,039.564,2

In most cases, errors in physical reactor calculations may be attributed to real or hypothetical spatial
fluctuations of the macroscopic cross sections. There is a broad class of problems in which the fluctuations
of the cross section may be regarded, formally at least, as a random function of the coordinate (e.g., fluctua-
tions due to neglected variations in the fuel enrichment or temperature oscillations). The present work con-

siders the statistical characteristics of spatial fluctuations of the neutron flux in a single-velocity diffusion
model of a reactor,

Assume that in a homogeneous initially critical reactor with mass parameter 1;t§ there is 2 small varia-
tion in the physical properties of the active region (e.g., the macroscopic cross sections) according to the
law &(r) which does not affect the diffusion coefficient. The reactor is restored to an accurately critical state
by imposing some (constant over the volume) variation in the property 9, so as to satisfy the equation

D (r)+ {xd+e (r)+ 0} O (r)=0 . 1)
with the boundary condition nvé& (r) + 8&(r)

=0 and the condition that the flux ®(r) is not negative in a i‘eactor
of volume V,

In the approximation linear with respect to the perturbation &(r) + 6 it is simple to obtain expressions
for the fluctuation of the neutron flux

Translated from Atomnaya Energiya, Vol. 44, No, 4, pp. 357-359, April, 1978. Original.article submitted
January 25, 1977,
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D) —0O (1) _ N § 05 () e(®) Do (r)dr' o, 1) )

P = DO (r) (2~ { [ D (r) 2ar” Do (r)

m=+0
and for the first correction to the eigenvalue (which, in the same approximation, is 6)

g Ll pemar @)
§ 1@ (') 2 ar’ :
Here &m and iy, are the eigenfunctions and eigenvalues of the unpérturbed problem, The subseript m=0
corresponds to the eigenfunction describing the neutron distribution in a homogeneous reactor: §(°)(r) =ady(r).

Consider first of all perturbations of the cross section that_ have the properties of white noise with zero
mean: (&(r)) =0. The correlation of these perturbations may be represented by a Dirac 6 function

Ke(r, v') = (e*(r) e (') =cb (r—=1"). . 4)

It follows from Eqs. (2) and (3) that in a linear approximation (3 (r) = (6)' =0, It may be shown that the
mean over the realizations of the second correction to the eigenvalue is always negative, This was discussed
in detail in [1] for a Markov form of correlation of the perturbations: Keg(r, "= ozsexp(—a |r—1r)).

Taking into account Egs, (2) and (4) the selffcorrelatioh function (SCF) of the relative fluctuations of the
neutron flux (®* (r)&(ry)) is '
‘ ¢ § O (r) OF (1) | Dy (£) 2 dr

Kg (ry, T9) =
o= 2 e
x 1 @3, (r1) On (rp) ®)

§§ 1009 | Dn (r7) |2 dr’ dr” Dg (r1) Do (rp) °

The relative fluctuations of the power distribution N(r), considered in the same single-velocity diffusional
model of the reactor, are due to variation both of the neutron flux and of the fission cross section,

Accordingly, the SCF of the power distribution is represented as the sum of the SCF of the neutron flux,
the SCF of the cross-sectional perturbations, and an interference term taking into account the correlation of
the fluctuations in the flux and the cross section, In fact, taking the same approximation for N(r) as in Eq,
(2), the SCF of the power distribution — (N* (ry ﬁ(rﬁ} — is obtained in the form :

Ky (ry, 1) =K (ry, 1p) +-E2K, (ry, o)+

D, (vy) Opy (rp) Dy (ry) |, Dp(ry) o (6)
.l 0 \14 0 \I'o
T Z’ (2, —%3) § | Pm(r) 2ar L Do (r2) { Qg (rq) f°

- m#EQ R
where £ is the conversion factor from the perturbation of %2 to the perturbation in the fission cross section
(in relative units). For example, n3={ (v — 12—z} D! and 2¢ is varied, £ =D{(v—1)z¢} L.

Consider the neutron-flux fluctuations over the thickness of an infinite critical plate without a reflector.
- Substituting the eigenfunctions of the one-dimensional problem into Eq. (5) and integrating gives

)

. ):4 H _CH3 x f  sinmazgsinmz,
Ko (-ITI" )T Z { (m2—1)2sin z; sin xy
m=2 - - .
sin mzy sin (m -+ 2) 2o -+ sin mz, sin (n 4+ 2) z, } o
- 2(m2—1)[(m-2)2—1]sinz;sinz, :

Here H is the plate thickness (the correction to the extrapolated limit is neglected); and the coordinate origin
is at one boundary of the reactor. o

Even the approximation for K¢ taking into account the first term of the sun in Eq. (7) [Ké(x, x+ 7))~
(4/9)(cH%/ %) cos(rx/H)cos 7(x+7)/H] reveals the inhomogeneous behavior of the neutron-flux fluctuations:
the dispersion Kg(x, x) has a maximum close to the reactor boundary.

In practice the SCF of the neutron or power distribution is often used to investigate the characteristics
of the fluctuations over the height of a reactor as above, and very frequently to investigate the fluctuations in
the plan of a cylindrical reactor. The SCF of the neutron-flux fluctuations in the plan of a "bare" cylindrical
reactor over the radius of infinite length R may be obtained from Eq, (5) in the form

PR a e BRTm b T ehr) cosp o .
22 (8)

2V 2np )z

K4 (Rry, Rry) ~
(1] 1y 2 e ,
mee i gs,, Bm B0 Jo (hre) Jo (uhr)
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where Jy(r) is a Bessel function of the first kind; ug is the A-th nonnegative root of the equation Jm(r)=0;
Smm' is a Kronecker delta; p 1.2, Since the value of the sum in Eq. (8) is mainly determined by the terms
with m==%1 and A =1, the fluctuations are of the same kind as in the one-dimensional problem, i.e., the dis-
persion is a maximum close to the reactor boundary.

If the reactor has a reflector, the distribution of the relative fluctuations of the neutron flux will change.

It is found that the maximum of the relative fluctuations close to the reactor boundary remains when a reflec-
tor is introduced. For example, for the same plate surrounded by an ideal reflector Eq. (5) gives

et cosmlz,cosm—n—zz .

i
Kg (21, z)=2—5 Z 4 —3 L

@ éos%zicos—nf[—zz- : 9)

~2

m==1{

Thus, the approximation for Eq. (9) dlffers from the corresponding approximation for Eq. (7) only by a con-
stant factor,

It is of great convenience for the purposes of mathematmal computation to represent the correlatmn of
the perturbations as a 6 function. However, many real perturbations of the cross section, for example, those -
associated with spatial fluctuations of the temperature, are often otherwise correlated. Consmer the effects
of perturbations of the cross section if K¢ is of the form

_ Ke (11, ro)==0Zexp(—a|r —1z]), (10)
where « is the inverse correlation length; o} = (€ * (r)e(r)).

The expression for the neutron-flux dispersion over the thickness of a reactor without a reflector is

derived by a method different from that for Eq. (5), The random function £(x) is approximated by a Stieltjes
integral [2] with infinite limits

€ (z)= s‘ exp (iwz) d¥ (). 4 - (11)

The differential d¥(w) satisfies the relations (¥ (0))=0; (d¥* () d¥ (1)) =S¢ (®) § (0—y) do doy, where Sg (W) = (Ge/

)/ (wi+ o? is the spectral density of perturbations with the correlatlon functmn in Eq. (10). Substituting
Eq. (11) into Eq. (2) and integrating with respect to x' and x" gives

- o msmﬂ;—x ® av ( 2 )in—i-exp(lQ"-m“)}
@)=—7 2 i ‘. T —(m )2 8] (B (m— 1 ) ° a2
Sin—7 2 g2 s '

As @ —o, provided that lim oo = /2, the dispersion obtained from Eq. (12) by forming the average

[- -
(@* (x)<I>(x)) transforms asymptotically to Eq, (7) for the 0- correla'oed perturbations of the cross section at

% =X,=X. Therefore for large a (more precisely oH/ 7), ¢= 20%/a. Increase in oH leads to decrease in
scale of the fluctuations; for example, it follows from Eq. (7) that

k1
COS% — 2

F@Fo~ e[ —— | (13)

2
%y

For a two-dimensional problem, equating Eqgs. (4) and (10) leads to the result that ¢ = 2ro% /o for large
R,

In conclusion, the main results of the work are as follows,

1) In the framework of the single-velocity diffusion model of a reactor, expressions have been obtained
in general form for the spatial SCF of relative fluctuations of the neutron and power distributions in the case
of 6-type correlation of the perturbations of the macroscopic cross sections. The SCF of the neutron flux for

reactors with reflectors of different quality is given in analytic form for the one- and two-dimensional formu-
lations most frequently required in practice,

' 2) It is shown that, regardless of the active-region geometry, reactors without a reflector and those
with an ideal reflector (n A® =0) atthe boundary) are characterized by an increase in fluctuations toward the

reactor boundary, with a homogeneous and isotropic distribution of the cross-section perturbations inside the ‘
active region,

3) The change in the neutron-flux SCF is coﬁsidered, in particular, in the limit as the correlation of the
perturbations changes from Markov form to 8-type correlation (white noise). It is shown that increase in
correlation of the perturbation leads to decrease in the fluctuations of the flux.
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The conclusions obtained from the above model are found to contradict the usual assumption that the
fluctuations of the neutron and power distribution are homogeneous, On the one hand, this may be a result -
of the inaccuracy of the single-velocity diffusion approximation; on the other, it may be because the experi-
ments and calculations have been analyzed on the a priori assumption that the secondary fluctuations are
homogeneous. Hence, the possibility of replacing averaging over realizations by averaging over the reactor
plan requires special proof.

Note finally thaf, although the analysis has been performed for an initially homogeneous reactor, there
is no particular difficulty in transferring the results to other reactors if the relative fluctuations are considered
in a linear approximation, ~

It remains to thank P, N. Svirkunov for numerous ﬁseful discussions of the results,
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IMPROVING THE CHARACTERISTICS OF LIQUID-METAL
FAST BREEDERS USING A MAGNETIC FIELD

A, N, Shmelev, V. G, Ilyunin, ' ' UDC 621,039.5
and V. M, Murogov

As is known, magnetic fields are used for various purposes in nuclear reactors, e.g., in electromagnetic
pumps [1], A magnetic field may influence neutron diffusion and hence also the reactivity of the reactor [2].

The known theoretical and experimental investigations of turbulent flow in tubes in a longitudinal mag-
netic field indicate that the drag coefficient may be reduced by a factor of 5-10 in comparison with turbulent
flow in the absence of a magnetic field [3, 4], Therefore, suppose that a reactor body is surrounded by a
solenoid generating a magnetic field, the lines of force of which are parallel to the coolant flow in the active
region (Fig. 1). Investigations of the flow around a cylinder and a sphere in the presence of a transverse mag-
netic field indicate that the hydraulic-drag coefficient may be significantly increased [3]. If, on the basis of
these results, it is assumed that applying a longitudinal magnetic field leads to increase in the hydraulic-drag
coefficient across the element and decrease in that along the element, then it is possible to replace the walls
of the fuel elements in the active region and the blanket by, e.g., a rigid frame. Results of calculations using
the ROKBAR optimization complex [5] showed that this leads to increase in the multiplication factor and the
energy yield of the fuel while the doubling time may be reduced by 20-25%, Since buckling of the fuel-element
casing necessitates an increase in the gaps between them and leads to additional blurring of the neutron spec-
trum, replacing the casing by a rigid frame would allow these losses to be reduced.

The results of calculations indicate that increase in fast-breeder power is possible mainly by increase
in radius of the active region, Increase in height of the active region is limited both by the mechanical stress
in the walls of the fuel-element casing and by the accompanying heating of the coolant, which reaches 180- -
250°C {5, 6]. The heating may be reduced, e.g., by increasing the rate of coolant flow. However, the maxi-
mum rate is limited by a number of factors: the erosional effects of the coolant on the fuel-element casing
and other structural components; increase in the injection power, which depends on the hydraulic drag; vibra-
tions of the fuel assemblies in the coolant flow. Applying a longitudinal magnetic field may diminish these
limiting factors and hence allow the rate of the coolant flow to be increased. The increase in the erosional
effects of the coolant with increase in its flow rate is associated with the accompanying reduction in thickness
of the laminar boundary layer at the immersed surfaces [7, 8]. Applying a longitudinal magnetic field leads
to increase in thickness of the laminar layer [8]. Rise in injection power with increase in the coolant flow
rate is impossible on those sections of the fuel assembly where the field is parallel to the coolant flow. This

Translated from Atomnaya Energiya, Vol. 44, No. 4, pp. 359-360, April, 1978, Original article submitted
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Fig. 1. Nuclear reactor: 1)
reactor body; 2) active region;
3) blanket; 4) solenoid genera-
ting magnetic field with induc-
tion B.

TABLE 1. Reduction in Drag Coefficient
and Induction of Magnetic Field .

. -9, m/sec
Parameter y -
10 20 -30
| dhx‘dr. mm 255 255 [25 5
max tlp 10,14 0,00(0,09 0,05/0.07 0,08
B -§|B=0 .
Eils _ ) . ls 4
B'eq(gi,,=o‘°’5) 3,6 2,7 [5.4 43|71 5,7

is because applying a longitudinal magnetic field reduces the drag cbefficient. On the basis of experimental
results for the hydraulic-drag coefficient in turbulent flow along a stainless-steel tube in a longitudinal mag-
netic field [4] it is possible to estimate the maximum reduction in the drag coefficient £ | g in the presence

of a field in comparison with the drag coefficient £ | = in the absence of a field (Table 1) for different sodium
flow rates v and tubes of differing hydraulic diameter dpyqr- '

1t follows from Table 1 that applying a longitudinal magnetic field may reduce the drag coefficient by
approximately an order of magnitude, It is also found that the required value of the induction is comparabie -
with the induction of the magnetic field considered in programs for the development of tokamak-type thermo-
nuclear reactors [9]. Since the longitudinal magnetic field tends to suppress the transverse turbulent pul sa-
tions, it may be expected that applying such a field reduces the vibrations in the fuel-element casing, Increas-
ing the coolant flow rate by a factor of 2-3 allows the power removed from an active region of given diameter

‘to be increased, without significant change in size of the reactor body. Decrease in the heating of the coolant

may lead to a reduction in temperature in the fuel elements by 30-50°C or to an increase in the exit tempera-
ture, The possibility of increasing the.energy yield of nuclear fuel is very important for fast breeders and in
the development of high-flux research reactors. Estimates show that the energy consumption of the magnetic
system may be compensated by the various effects indicated, However, the implementation of the proposals '
outlined requires the solution of a number of technical problems,
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SURFACE BARRIER DETECTOR BASED ON EPITAXIAL
GALLIUM ARSENIDE ”

V. M. Zaletm, I. I. Protasov, o UDC 535.243
S. P. Golenetskii, and A. S Mal'kovsku

Semiconductor detectors of ionizing redlatidn based ‘on epitaxial gallium arsenide, operating at normal

temperature, hold out promise for use in basic and applied research and are the subject of comprehensive
studies at present [1, 2],

The first data on the use e‘fﬁﬁmnocrysta.lline gallium arsenide layers to make spectrometric detectors

for x rays and low-energy vy rays were reported m [3] The present paper gives the results of subsequent
investigations, '

The low resolution and high' noise level i.n:the_first such detector based on gallium arsenide {4, 5] were
due to the imperfection of the structure and the contamination of the bulk crystals used. This limitation was
in great measure eliminated by the application of epitaxial technology. With epitaxy (gaseous or fluid) growth
of single crystals occurs at a temperature below the melting point of the given compound: this reduces the

diffusion of electrically active impurities in the crystal and considerably Sme11f1es the problem of the con-
tainer material (6-8]. ' . . :

The monocrystalline layers of gallium arsenide used to fabrlcate the detectors were grown in a Ga—
AsCl;—H, system containing components of high purity. The substrates used consisted of n*-type gallium arse-
nide, doped with tin or tellurium to a concentration of (2-4)° 108 cm™3, Layers of doped gallium arsenide from
50 to 300 u thick were used to make the semiconductor detectors.

_A detector constituted a surface-barrier dmde (Fig. 1) in which the n—n* structure was produced by
growing a pure epitaxial layer (n) on a highly doped substrate and the barrier, by evaporating gold onto the

TABLE 1 Initial Data and Results ‘of Tests with Gallium Arsenide Semiconductor De~

~ tectors
. fd . Results of repeated tests .
Parameter v Initial data of detectors (for 12-14 months)
21 31 33 31 | 33
Barrier area, mm? 3 3 5
Epitaxial layer thickness, g - : 140 210- 300 — —_
Carrier concn,, cm-3 - 7 1012 1.1014 1,1-1014 — —
Operating voltage. ) 200 - 60—80 250 110 250
Reverse current, A : 1,12-170'3 1,26-'110‘8 1,2.10-9 1,2.10-8 1,4-1079
1 olution. s ) , 5,1 3,0
I gsrgg{:nltzaz nerg{lres ution, : |
) 59,6 2,4 6,0 1,7 4,7 2,2
Quant%?r‘r{‘ detection eff, (%) at - - 1;5 é:gs é:g
122-keV line
59,6 - - — 0,35 1,0
26,4 — — — 2,0 6,6
14,4 - — - 7.4 15,1
. — —_ — 4,6 4,9

Translated from Atomnaya fﬂnergiya, Vol. 44, No. 4, pp. 360-363, April, 1978, Original article submitted
March 10, 1977,
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Fig. 1. Structure of semiconductor detector based on epitaxial GaAs: 1) epitax-
ial film of GaAs; 2) n*-type GaAs(Sn); 3) ohmic contact (Ni); 4) sensing area of
detector (Au 20 nm), o ' '

Fig. 2. Volt—ampere (A) and volt—capacitance (O) characteristics of GaAs semi-
conductor detectors (air, 300°K). : ST

epitaxial surface, The thickness of the gold film was 20 (+ 3) nmandthe sensing area of the detector was 2-3
mm?, The electrical contact to the n*-type substrate was made by electrolytic -deposition of nickel,

The crystal of the detector was placed in the case of a low-power transistor and was fastened with con-
ductive adhesive to a holder on the case. The signal was taken from the sensing area through a thin copper
wire, one end of which was soldered to the gold spot and the other to an insulated output. The detector case.

was closed with a cover containing a beryllium window (beryllium thickness 200 p) and was hermetically sealed
by cold welding,

The spectrometric properties of the detector were studied with the aid of standard equipment: a PU-2-B
charge-sensitive preamplifier, usually employed with a germanium —lithium semiconductor detector; the sks2-
02 ("Langur®) main spectrometric channel; and LP-4840 and NTA-512 B multichannel pulse-height analyzers.
For detectors with a leakage current of more than 1+1078 A the feedback resistance (Rf) in the preamplifier
was reduced from 15 to 2 GQ. The mean energy of the formation of a pair of carriers in GaAs is 4,27 €V as
compared to 2.98 eV for Ge [1]. The input noise parameters of the preamplifiers for gallium arsenide de-

tectors, therefore, were somewhat poorer; 1,0 keV +0.050 and 1,75 keV + 0,055°C ‘keV/pF for Rf equal to 15
and 2 G, respectively. :

The photoelectric efficiency of the detectors was determined with standard *'Co and M Am sources from
the OSGI set with long exposures, The instrumental spectra were measured with19%Cd (22.5 keV), #1Am (24.6

and 59.5 keV), and °'Co (14.4 and 122 keV) sources. The sensing area of all detectors was taken equal to
3 mm? in the calculations of the solid angle. ‘

In the present study we have investigated the dependence-of the reverse current and capacitance of the
detector structure on the magnitude of the reverse voltage and the dependence of the photoelectric efficiency
of the detector on the radiation energy, measured the energy resolution of the detectors, and established the
salient features which appear in the instrumental spectra because of the small thickness of the sensing region

of the detectors studied. The parameters of the epitaxial structures used and the detectors prepared from them
are given in Table 1,

The operating voltage is 60-250 V, the lower threshold being determined by the minimum detector voltage
which ensures charge collection at a given thickness of sensing region and the upper threshold, by the reverse
current, The maximum value of the reverse current, allowing spectrometric measurements to be made, was
(3-4) - 10-8 A whereas the minimum was 1.2-107° A at a voltage of 250 V. The volt—ampere and volt—capaci-’
tance characteristics of the detector, taken in air at 300°K, are given in Fig. 2 (for detectors Nos. 31 and 33).
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Fig. 3. Instrumental spectra of characteristic and low-energy v radiation from 241Am
a, b) Ga—As semiconductor detectors Nos. 31 and 33, respectively; c, d) cooled Ge(y)
“and Si(Li) detectors.

Fig. 4. Shape of instrumental spectrum from 241Am source, taken with detectors with
a sensing-region thickness of: a) 140 and b) 55 u.

The growth of the leakage current with the voltage after total depletion of the layer is avalanche-like, The
anomalously rapid growth of the detector current ata voltage above theoptimal operating voltage is ev1dently
explained by the properties of the epitaxial material.

A resolution of 20,2 keV was attained in the spectrometry of 5.48-MeV a-ray particles from a UAm
source at 300°K, The thickness of the depleted region in all cases was greater than the range of the o parti-
cles. Figure 3 gives the instrumental spectra of y- and x-ray radiation from UiAm, taken with two gallium
arsenide detectors. Similar spectra obtained with two types of commercial cooled Ge(y) and Si(Li) detectors
are also given for comparison, ) I ST ’

The absolute efficiency of detector No, 33 reaches 15-16% at 14 keV and drops to 1% for 60 keV. At the
122-keV line it is a mere 0.2%. The photoelectric efficiency of this detector has a maximum in the region of
" 13-16 keV, dropping by half at energies of 7 and 30 keV, Beyond this range the photoelectric efficiency of this
detector falls off sharply, by more than two orders of magnitude for 130 keV, In the case of detector No. 31,
which has a thinner sensing region, the efficiency maximum is shifted somewhat towards lower energies
(9-10 keV) and drops by haif at energies of 6 and 21 keV,

The #1Am spectrum of detector No, 21 is shown in Fig. 4a. The thickness of the sensing region in this
detector was 140 p. For comparison Fig. 4b gives the spectrum of the same source, as taken by detector
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No. 33 with a sensing-region thickness of 55 . A leakage peak is seen in both spectra but, whereas in the
case of detector No, 21 the ratio of the photopeak to the leakage peak is 9, for detector No, 33 it is only 3.

Better energy resolution was achieved with detector No, 33, The instrumental resolution at the 59.6-
keV line of #'Am was 1.7 keV with a generator-peak width of 1.5 keV and 1.9 keV at the 122-keV line of *'Co.

The instrumental spectra of gallium arsenide detectors are characterized by d1stmct leakage peaks
whose intensity is 15-18% of the main photopeak, practically independent of the energy to which it corresponds..
The leakage peaks at 9.2-10,5 keV (the energy of the K-absorption edge of gallium and arsenic) are shifted
towards the lower energies and can appreciably increase the background in x-ray radiometric analysis of

elements whose characteristic radiation coincides in energy with the leakage peak from excltmg radiation
quanta singly scattered in the specimen,

This is a mjaor d1sadva.ntage apparen'dy, of all thm—f:lm and gas-discharge detectors, especially from
materials with high and intermediate atomic numbers Z, The relative contribution of the leakage peaks falls
off rapidly as the sensing-region thickness (hy ¢) of the detector increases, the decrease in this contribution

being from 25-30% for detector No. 31 (hy =45 p) to 16% for detéctor No. 33 (hr 0=55 1) and 1,1% for detector
No, 21 (hy =140 ).

The energy resolution attained for gallium arsenide detectors in the range of low-energy x-ray and vy
radiation is at the level of the resolution of spectrometric proportlonal counters with an absolute photoelectric
efficiency of 5-15%. While they are inferior to semloonductor detectors based on elemental semiconductors

(Ge and Si), gallium arsenide detectors do have a great advantage over them as well, viz., a capability for
operatmg at normal temperature. .

il

The sensitivity of spectrometric semiconductors based on epitaxial gallium arsenide in the detection of -
x-ray and low-energy vy radiation in the range 5-100 keV can be increased by increasing the thickness of the

sensing region and employing various versions of circuit layout of the detector structure, e.g,, a circuit w1th
a protective ring., ’
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INDEPENDENT CONTROL OF NEUTRON FLUX
IN EXPERIMENTAL REACTOR CHANNELS

P. T. Potapenko UDC 621.039.55

Experiments of quite different sorts requiring various reactor powers are commonly performed in ex-
perimental channels of a single reactor, Ideally each experimental group needs its own neutron flux in its own
experimenta] channel, varying in time according to its own individual program, If is difficult to make channels
independent since the neutron fluxes in all experimental channels are determined mainly by the reactor power,
and the possibilities of controlling neutron fluxes in experimental reactors by using absorbing rods are ex-

tremely limited [1]. Control of neutron fluxes by using heavy mechanical shielding gates is ineffective and
has not been widely used in reactors.

Because of these difficulties it is frequently necessary to operate an experimental reactor at reduced
power, which lowers the efficiency of utilization of the reactor. Several papers [2, 3] have considered the use
of gaseous neutron absorbers in a reacbor to control power or the neutron flux in an in-pile experimental chan-
nel. The proposed method of independent control of neutron flux in experimental channels by using a gaseous

neutron absorber such as *He or boron tr1ﬂuor1de outside the core is considerably simpler from the technical
point of view.

In an experl.mental channel (Fig. 1) at least one cell filled with an absorbing gas is located between the
_ core and the target. The pressure in the cells is controlled by means of gas supply lines connected to the high-

and low-pressure gas collectors through three-way valves, The required pressure difference between the
collectors 1s mamtamed by a pump.

The control characterlstlcs of a system with two cells are descrlbed by the expression

/@y =y =-exp (— ZPyly) exp (—ZPsly) = v1 (P1) V2 (P2)s

§
Qa:.\
7

Fig. 1.” Schematic diagram of facilities and
instrumentation of an experimental channel:
1) reactor core; 2) experimental channel;
3, 4) hollow gas-tight plug-cells with neutron-
absorbing gas; 5) irradiation container with
samples and instruments; 6) tank of absorb-
ing gas; 7) valve; 8, 10) high- and low-pres-
sure gas collectors; 9) pump; 11, 12) three-
way valves; 13) gas supply lines; 14) neutron

. detectors; 15) manometers,

Translated from Atomnaya Energlya, Vol. 44, No, 4, pp. 363-364, April, 1978, Original article submitted
March 28, 1977,

416 0038-531X/ 78/ 4404-0416207,50 ©1978 Plenum Publishing Corporation

Declassified and Approved For Release 2013/03/07 : CIA-RDP10-02196R000700110003-3




Declassified and Approved For Release 2013/03/07 : CIA-RDP10-02196R000700110003-3
where &, and & are, respectively, the neutron fluxes at the experimental channel entrance and exit, v, and
v, are the attenuations of the flux, T is the macroscopic neutron absorption cross section of the gas at normal

conditions (e.g., £=0.12 cm™! for *He), P, and P, are the pressures of the absorbing gas in the cells in kgf/cm?,
and I, and 1, are the lengths of the gas cells in cm, ‘

By using two cells of absorbing gas the range and accuracy of the neutron flux control are increased.
It is convenient to control the pressure in each cell from 0.1 of nominal and lower to nominal. The total range
of control with such a two-decade system is from 0,01 to 1 for constant reactor power. The recommended
pressures in the high- and low-pressure gas collectors are 1 and < 0,01 kgf/ cm?, respectively. Then for the
cited values of y; and v, the lengths of the cells are Iy =1,=23 cm,

It is convenient to graduate the manometers for measuring the pressufes in the gas cells directly in flux
attenuation units, . .

The three-way valves can be turned so as to form an automatic control system for stabilizing the neutron
flux at the experimental channel exit. The sensing eiements of the system are neutron detectors located at the
target. With such a system the neutron flux at the channel exit can be kept within a specified range as the re-
actor power varies, A computer can easily be programmed to control eleqtriéally o'pgrated valves so as to

ensure automatic programmed control of the neutron flux in experimental reactor channels as the reactor power
undergoes programmed variations. ‘ :

Of course a gaseous absorber has practically no effect on gamma rays at the channel exit. In this sense
the proposed device does not replace mechanical gates. The small amount 'of heat released in a gaseous ab-
sorber [1] can be transferred to structures surrounding the channel. The control device can be installed in
horizontal or vertical experimental channels. The proposed control method makes it possible to increase the

efficiency of utilization of experimental reactors. The method of gaseous control was tested on the IRT -2000
reactor at the Moscow Engineering Physics Institute, ‘
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THERMOKINETICS OF HYDROGEN GENERATION FROM METAL -
HYDROGEN COMPOUNDS BASED ON TRANSITION METALS
OF GROUP V (V, Nb, Ta)

M. 1. Eremina and E., V. Khodosov : " . UDC 541.44:546.88

In the operation and design of installations using hydride materials, it is important to know the manner
in which hydrogen is generated at high temperatures.

The authors of [1] studied the generation of hydrogen and deuterium embedded in niobium by bombard-
ment with H+ and D* ions., This processing results in the formation of hydride and deuteride compounds of
various types, which has an important effect on the process of gas generation.

In the present study we investigated the V—H, Nb—H, and Ta—H compounds obtained by the method of
cathode saturation with hydrogen in an aqueous solution of fluoric and orthophosphoric acids. The compounds
so obtained are hydrides or solid solutions produced by the embedding of hydrogen in the metals, for which
the phase diagrams are well known [2, 3].

The experiments were carried out on foils 0.03 mm thick. The hydrogen concentration in the initial

specimens was determined by the method of [4], and the phase composition of the initial specimens at room
temperature was checked by x-ray structural analysis (Table 1).

Translated from Atomnaya Energiya, Vol. 44, No. 4, pp. 365-366, April, 1978, Original article submitted
April 6, 1977, '
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Fig. 1. Thermokinetic curves for hydrogen generation from hydrideé' of vanadium (1),
niobium (2), and tantalum (3) at a heating rate of 20 deg/min: a) VHy 35 NbH 95
TaHy,5; b) VHg g43 NbH 90 TaH 955 ) VHy 205 NOHy .

Fig. 2. The effect of total hydrogen content (CH ) in vanadium (a) and niobium (b) on
tot

the integral intensity of the high-temperature maximum (SgT) of the thermokinetic
curve for hydrogen generation.

The information on the nature of the hydrogen generation was obtained by means of a chromatograph on
the basis of the change in the thermal conductivity of the gas mixture formed when the specimens were heated
from room temperature to 900°C at rates of 5, 10, and 20 deg/min in an argon stream,

Figure 1 shows the thermokinetic* curves for the generation of hydrogen at a heating rate of 20 deg/min;
curves which are similar (in shape) to these were also obtained for heating rates of 5 and 10 deg/ min, How-
ever, when the heating rate is reduced, we have a displacement of the gas-generation peaks toward lower tem-
peratures, Thus, at a heating rate of 10 deg/min the maxima are displaced by 30-35°C, and at 5 deg/min
they are displaced by 60-70°C from their temperature position for a heating rate of 20 deg/min.

It can be seen from Fig. 1a that when we heat specimens which at room temperature have a two-phase
(@ + B) structure, the hydrogen generation curves have only one maximum, in the 600-700°C region, The shape
of the curves remains similar approximately up to compositions of VHg 5, NbH 7, and TaH, .

In the hydride region we observe second maxima for the hydrogen generation (at 250-350°C) (Fig. 1b).
For niobium hydrides and tantalum hydrides with a hydrogen concentration of H/Me < 1, these maxima are
small. For vanadium hydrides, in this region of hydrogen concentration we observe an intense and sharply
marked peak at 350°C. In niobium hydrides such a peak appears only at concentrations of H/Nb >1 (Fig. 1c).

*The gas generation curves méy be called thermokinetic in the present case, since here we have a time de-

pendence in implicit form: the abscissa axis shows the temperature, but if we divide this by the constant rate
of heating, we can obtain the variation as a function of time,
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TABLE 1, Experimental Data on the Hydro-
gen Content and Phase Composition of the

Investigated Specimens of Vanadium, Nio-
bium and Tantalum

;Ieyr?rgan Phase Type of latti
- e of lattice
Metal - fent, comp. yP
H/Me
0,37 ] a solid solution of hy-
040 |1 . drogen in vanadium,
0,45 j a-+f| bee
0,49
0,71 8 hydride of the VH
v 0,9 | } B type, bet; y hydride |}
1,0 of the VH, type, fcc
1,22
1,33 } B+v
0,42 a solid solution of hy- |
gv% o+p - grogen in niobium,
) 0,83 8 hydride of the NbH
Nb (1).8(1) } [ type, orthorhombic
B L 3
1.02 lattice
{,23 " y hydride of the NbH,
v ol A 3
133 type, fcc
1,36 | . :
. 0,54 a4 |« solid solution of hy-
Ta - - dtogen in tantalum,
0,95 p

BE hydnde of the TaH
- type, orthorhombic
structure

Thus, a characteristic feature of the generation of"hydrbgen frdy‘rr;hydrides of Group V metals is the l
existence of two gas-generation maxima, one at low and one at-high temperature, and the intensity of the low-
temperature maximum increases with increasing concentration of hydrogen in the hydrides.

An increase in the hydrogen concentration also causes a change in the intensity of the high-temperature
peak.* The existence of two gas-generation peaks may presumably be related to the phase composition of the
specimens, Thus, the high-temperature gas generation observed (see Fig. 1a) for o solid solutions of hydro-
gen and two~phase (o + ). specimens undergoing a transiion to a single-phase (o) state above 200°C can be
explained by the loss of hydrogen by the o phase, The low-temperature gas generation appears with the tran-

sitionto the pure hydride B and B+ v regions and is apparently due to the loss of hydrogen by the 8 and ¥y
hydrides.

Consequently, the entire process of gas generation takes place in two stages- the first is the decompo-

sition of the hydrogen-enriched hydride phases until the a phase is formed; the second is the loss of hydrogen
by the o phase,

In connection with this,. it is interesti.ng to note the break-points of the curves in Fig, 2 situated near
the tentatively designated boundaries of the phase diagram. It is not impossible that their appearance is due
to phase transitions arising when hydrogen is lost by the compounds under investigation.
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e

*Since the amount of hydrogen is calculated from the area under the gas-generation curve, we can use the

expression "integral intensity of the peak.?
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OPTIMIZATION OF 23%py PRODUCTION FROM 23'Np

A. 1. Volovik - ; o . UDC 621.039.516,22

A great many studies have been devoted to calculations of the process of obtaining %%pu from #™Np. In
particular, this process was calculated for the purely thérmal neutron spectrum in [1], the effect of resonance
neutrons was taken into account in [2], the variation of the calculation results with inaccuracies in the initial
physical constants was analyzed in [3], the role of the time profiling of the neutron flux was determined in [4],
and the effect of enrichment of the initial nuclear fuel was taken into account in [5].

In the present paper we consider the problem of optimizing this process, A target made of %™Np can be
placed at various points of a nuclear reactor, These points differ both in their value of thermal-neutron flux
density and in the energy spectrum of the neutrons. For a given irradiation time we must find a time regime
for moving the target inside the volume of the reactor in such a way as to obtain the maximum total yield of
the isotopes 23*Np and 23¥pu,

I U{t) and w(t) are the fluxes of thermal and resonance neutrons, respectively, and < ), <@ ®, x(3)(t\
are the amounts of the isotopes 2™p, 2%p, and 238puy, then the burnup equations have the form:

dzth/dt = B = — (Uoy+oly) zth; ) )
) dﬂ’)/dt—-f‘”)—(Uu,-i—mI‘) zh— : )
— (A Uy 4 015)] 2%
dz®/dt = f(3) = Az® — Uo; + (oI 3) 23,

Here oj are the éorresponding thermal_ cross sections; Ij are the resonance i.ntegrals; A is the decay constant
of 2%p, For the sake of simplicity, we assume that the I; are independent of the x(1), The irradiation time T
is given, The following restrictions are imposed on the control functions U(t) and w(t):

0<U () <Upay 0<0 () <omax- ‘ @)

The minimized functional is

F U, 0)=—[z® (T)+2® (T)] = S [—U (043)) = 03 2®) — gg(3)) —
. 0

T
— o (I 1zh — Tz® — [z®)] dt = S @ de. : (3)
0

In accordance with the maximum principle [6], we construct equations conjugate to those of (1):

Pp=—14;
dy/dt = (Uoy+ oI} (ho+P1—¥a)i (-4)
dpp/dt = (Uop+ @lz) (—¥p¥2) +2 (b2 —P3); :

dg/dt = (Uog+o13) (— Vo1 ¥a)-

At the start of the irradiation, when t=0, we assume that we have pure *'Np, i.e., xW(0)=1, x®(0) =
0, x(3) (0)=0. At the end of the irradiation, when t=T, we find from the transversality conditions that $,(t) =
lpz(t) = Zﬁs(t) =0, The Hamiltonian

3
Te0=) feirpy= U +x%0-~2 (P2 —¥s) : (5)
i=0

'is linear with re spect to the control functions, since the switching functions
G0 = — 04 (Yo s — ) 2 -+ O3 (o —z) 2@ + 3 by —by) 23
X0 = —I'g (Po+ Py — ) 29 + I3 (g — p2) 23 + I3 (Yo —3) 2 (6)

do not depend explicitly on U and w, The integral fluxes are given, This means that in addition to (2), the
control functions are subject to the isoperimetric restrictions

Translated from Atomnaya Energiya, Vol. 4<4, No, 4, pp. 367-369,' April, 1978, Original article submitted
April 6, 1977,
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T - T
fvoa=cs [owa=cy ’ )
0 1}

where Cy, C,> 0 are given constants. The increase in the dimension of the phase vector by the introduction
of additional variables x, x(5) satisfying the equations

dEO)d=[O=U; dOjdt=fO=0 ' (8)

with the end conditions x®(0) = x6}(0) = 0, x¥NT) = ¢y, x6)(T) = C,, makes it possible, as has been shown in
[7], to remove the restrictions (7). The system conjugate to the system obtained by adjoining the equations
(8) to (1) differs from (4) by the adjoining of the equations i

C dp/dt=0; dps/dt=0, o (9

and hence ¥, =const=vy; ¥5= const=v 2 In this isoperimetric problem the Hamiltonian
5 .
o= finp; =04 Uvi+ovp=(g0+v1) U + X0+ v2) 0—4 (Y2 —Pg) = QU+ 30—} (2 —¥s) 10
i=0 . - :

has the same form as (5), and the switching functions ¢ =¢°+ vy'and x=x"+ vbz differ from (6) by constant
~terms, The transversality conditions on the right end for the system (2), (9) are satisfied for Y4(T)=P,(t) =
¢3(T)=0; ¢4(t)=v1; ¢5(T)=Vz With arbitl.‘ary Vl, Vz- ’ ’ . ! '

The numerical solution of the problem is based on the method of successive approximations 8], making

direct use of the maximum principle. At the k-th step the control functions Uk +1(t), @k +1(t),are chosen from
the condition ’

3 (zh, V¥, Unsss Onei)=max H (z, ¥, v, o). , (11)

TABLE 1. Values of Thermal Cross Sec-.
tions and Resonance Integrals

i Radionuclide j Og b N O bv
1 237Np 470 | . 946
2 . #38Np ’ 2070 - 880
3 18Py - 500 . 150

TABLE 2. Positions of Special Zones and

Effect of Optimization
Umax | Wwmax ] U@ _o® g{_fz;t
| To% neumons7  |e YT flee YT e YT J2o T | timiza-
" cmEssec! ] : tion
2,00 | 0,20 {o0.22[020} — { — 9,60
2.00 | 0,40- | 0,21 0,27 | 0,25 0,25 | 22,90
2.00 | 0,60 |0,02}0,3]0,25]0,43] 24,38
900 | 0,80 }0,01]0,38]0,25 0,50 | 25,61 B
2,00 | 4,00 |o0,01]0,4[0,2810,50] 23,41
4001 0,20 |o,08}049]| — | — | 13,10
4001 0,40 {0,00]0,27{0,13[0,39; 22,88
4.00 | 0,600 }0,00]0,33]0,45]0,50 ] 24,37 "
5001 0,8 10,0010,3510,49}0,50| 25,62
400 | 1,00 |000]0,34]0,22]0,5 ] 23,47
600 | 0,20 }o0,02]015} — { — | 13,94
6.00 | 0,40 |0,0010,26]0,0910,47] 22,38 -
6.00 | 0,60 {0,00)0,2810,43]0,50] 23,70
6.00 | 0,80 |0,00[0,32]0,1610,5 | 2500
6.00 [ 14,00 }0,00|0,3410,46}0,5 | 22,95
8,00 | 0,20- 10,01 ]0,45] — § — | 13,95
8,00 | 0,40 }0,00/[0,25}0,07)0,49]| 22,28
. 800 ] 0,60 ]o0.00[0,28]0,2]0,50} 23,37 -
800 | 0,80 {0,00{0,3110,4410,5 | 25,03
8,00 | 4,00 |0,00!0.3]0,4]0,5 | 22,88
10,00 | 0,20 |0,00]045]| — | — | 13,8
10.00 | 0,40 | 0,00 | 0;24 ] 0,060,549 ) 22,42
10,00 | 0,60 [0,00}0,28]0,410,5 ,94
10,00 | 0,8 |0,00!0,3110,4310,50 25,03
10,00 | 1,00 0,00 | 0,34 [ 0,44} 0,50 ,
Remark, For wmax=0.20 the admissible con-
trol function is unique, .
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TABLE 3, Optimal Control Functions in the
Special Zones for Umax=6.0, Wmax= 0.6

t, yr | Uopt |wopt Wyt | Uopt  [@Wopt
0,00 2,874 0 0,26 1,452 | 0,016
0,02 2,094 0 0,28 0,910 | 0,222
0,06 { 1,776 0 0,30 0 0,454
0,06 1,938 0 0,32 0 0,438
0,08 1,701 (] 0,34 0 0,448
0,10 1,794 0 0,36 0 0,463
0,12 1,617 0,002 0,38 0 . 10,465
0,14 1,539 0,008 |- 0,40 - 0 10,476
0,16 1,647 0,008 0,42 0 0,462
0,18 1,524 0,008 0,44 0 0,465
0,20 1,440 0,008 0,46 0 0,484
0,22 . 1,389 0,008 0,48 0 0,593
0,24 1,335 0,008 — 0

The maximum (11), since the Hamiltonian (10) is linear, will be attained for maximum values of the control .
functions if the corresponding switching functions are positive, and for zero control functions if these functions
are negative. On the segments where ¢(t) or x(t) is equal to zero, the corresponding control function is con-
sidered to be constant and such that (7) is sat1sﬁed At each step we make a search for vy and v, as the zeros

of the functions 7, ) = Y U () dt — Cu Ry (v) = S o) dt—C, « The calculatxon process ends when the functmnal
[ ) '

(3) and both control functions are stabilized with a specified accuracy. An opt1m1zat1on program in FORTRAN

has been prepared for the solution of the problem (at Dubna)

In the calculations we used the followmg physwal values; A=169.1 yr Y T=0.5 yr; C;=0.5+3.1556926 -

1073 neutrons b1, Cz— 0.1-3.1556926 - 10~3 neutrons -b~1, The values of the thermal cross sections and reso-
nance integrals are given in Table 1.

_ For optimal control the segment [0, T]is divided into three zones by means of the points t; and ty: 0
ty =t,=T. The positions and magnitudes of these zones are shown in Table 2,

In the initial zone the optimal U=Ugpt(t) is equal t0.Up 4y, and in the final zone Uopt(t) =0. The optimal
w=wgpt(t), on the other hand, is equal to zero in the initial zone and wpgx in the final zone. The middle seg-
ments (i, t;) are zones of special control both for U and for w. The switching functions vanish in these zones,
to within the accuracy of the calculations. As the maximum values of the control functions increase, the middle
zone expands, mainly at the expense of the-zone in which the control function is the maximum, until the latter
is completely absorbed. The variation of the optimal control functions in their special zones is almost mono-

tonic near the zero values of the control functmns, after which, following a rapid drop, it takes on a jump
character, . ] )

The averaging of pairwise adjacent mterva.ls of time reveals a tendency to decrease from the highest
values for Uopt(t) and to increase to the highest value for wopt(t) (in the three-zone arrangement the highest
values of the optimal control functions coincide with Umax O Wmay). The times at which the indicated drops
take place for Uopt(t) and Wopt(t) coincide to within one tune step At, In the right-hand column of Table 2 we
show the effect obtained from the optimization, equal to (Fav — Fopt)/ | Fay| %, where Fopt is the value of the
functional equation (3) for optimal control functlons and Fay'is the value for constant admissible control
functions, i.e., for uniform lrradlatmn of the target by thermal and resonance neutrons, The distribution of
the (pairwise averaged) values of the’ optimal control functions in the special zones for a typical case is shown

in Table 3, where the value of t corresponds to the begmnmg of the intervals in which the control functions are
constant. .

The author wishes to express hlS deep grat1tude to A, P Rudik for his formulation of the problem and
his guidance.
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APPARATUS FOR REMOTE RADIATION MONITORING OF PROCESSES
OF EXTRACTIVE SEPARATION OF TRANSURANIUM ELEMENTS

V. V. Pevtsov, V. I. Shipilov, UDC 621.039.59: 66.012
V. G. Korotkov and A, N, Filippov '

The multichannel meaéuring apparatus described is used with immersible semiconductor detécborsvin
the realm of remote radiation monitoring of processes of extractive separation of transuranium elements.

Diagrams are given for continuous monitoring of the process of separation of plutonium from transplutonium
elements,

Radiometric methods employing immersible semiconductors are used for continuous technological mon-
itoring of processes of extractxve separatlon of transuranium elements [1- 3] To obtain the fullest posmble

Fig. 1, . Functional block diégram of six-
‘channel measuring system.

o activity, Cifliter

i 1 1 1 ! 1 5 i 1 1 1

0 5 0 15 20 25 1 &0 &5 @
Hours

Fig. 2. Diagram of continuous remote
monitoring of o activity of solutions in
process of extractive separation of plu-
tonium and transplutonium elements: 1)
reextract of transplutonium elements; 2)
Pu reextract; 3) efﬂuent

Translated from Atomnaya Energiya, Vol. 44, No. 4, p. 369, April, 1978, Orlgmal art1c1e submltted
April 12, 1977,
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information about the operation of the extraction apparatus, radiation monitoring of solutions is usually carried
out at several points of the technological line, This necessitates the construction of simple, reliable multi-
channel measuring apparatus, Figure 1 gives one variant of the des1gn of a six-channel measuring system
based on the functional blocks of the Shchegol-1 system.,

A six-channel measurmg system of this type is now in use for radiation monitoring of the extraction
processes in the separation of transuranium elements under the conditions of "hot" radiochemical chambers.
As an example, Fig. 2 gives diagrams for monitoring of the process of extractive separation of plutonium from
transplutonium elements, The monitoring is carried out by continuous measurement of the specified @ activi- -
ties of solutions with 1mmers1b1e detectors placed inflow~type vessels of the technologmal lines of the respec-
tive fractions,

Continuous year-long operation with units of flow-type semiconductor detectors showed that in respect
of such parameters as reliability, stability, and measuring accuracy, the measuring system considerably sur-
passes similar systems with separate detection channels. In combination with a standard channel for o-spec-
. trometric measurements, it permits remote multipoint radiation monitoring of processes of separatxon of
- transuranium elements by an extraction technology.
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FLUE GAS SCRUBBING IN WIRE CLOTH FILTER
IN COMBUSTION OF SOLID WASTE

N. S. Lokotanov and O. A, Nosyrev C . UDC 621,928,9+621.039.75:628.4

The paper gives the results of trials with a wire cloth filter developed for-scrubbing flue gas from the
combustion of solid waste from atomic power plants. The pOSSIblllty of reducing the volume and mass to the
maximum with safer storage of the incombustible residue has extremely attractive advantages which bring

attention to combustion as a method of treating solid radioactive waste [1].

Analysis of published materials shows that the principal problemn in the development of installations for
combustion is that of gas scrubbing. The elevated temperature and the fact that the flue gas contains unburned
products (soot, tar) and corrosive and radioactive substances make the conventional means of purification in-
applicable, The main reason for this is the presence of radioactive substances in the gas and, therefore, strin-
gent requirements on the design of the scrgbbing equipment as to reliability, maintenance and repair [2].

From an analysis of the practices of design and operation of installations for the combustion of radio-
active waste, one can conclude that it is preferable to use cartridge filters with elements made of a heat-proof
material as the main scrubbing apparatus. Such filters ensure a high degree of purification and can be rela-
tively easily adapted to remote-controlied maintenance and regeneration [3-5].

Trials were carried out on an experimental installation (throughput 15 kg/h) with the combustion of a
mixture of paper, rubber, wiping waste, absorption filters, wood, etc. imitating real waste,

The filter constituted a rectangular-shaped apparatus w1th a filtration area of 3.5 m% the lower part of
the filter had a hopper with quick-detachable container for collecting and removing the trapped ash (Fig. 1).
The filtering elements consist of a cylindrical shell with an SD-120 metal screen (GOST 3187-65) mounted
in it, The upper part of each element ends with a diffuser for the outflow of scrubbed gas and for reverse
blowing. All the elements are connected in three sections. Above each of them is a conical chamber with
nozzle for feeding compressed air during regeneration of the filtering surface,

Translated from Atomnaya Energ1ya Vol, 44, No, 4, pp. 370—371 Aprll 1978, Original article submitted
"May 18 1977. .
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Fig. 1. Wire cloth filter: 1) filtering element; 2) gas outlet; 3) electromag-
netic valve; 4) receiver; 5) gas inlet; 6) housing; 7) container. -

Fig. 2. Variation of remstance of filter coated with a) asbestos and b) ash,
during tests.

To reduce the number of solid particles skipping through in the initial period of operation an auxiliary
material was pre-deposited on the screen, the material used being finely milled asbestosor ash. The filtering

elements were coated with a special arrangement (a type of "fluidized bed" apparatus) connected in place of
the detachable container. '

Periodically, as the dep051t accumulated on the surface of the filtering elements, section by sectmu the
apparatus was blown through with bursts of compressed air.

The air was fed into the filter through an electrically operated valve from the receiver (pressure 4kg'f/
cm®), .

The waste was burned with the furnace charged with portions of 2-3 kg, the average throughput being
15 kg/h. Depending on the composition of the waste burned, the weight and frequency of the individual charges,
the mean mass concentration of solid particles in the flue gas after combustion varied over wide limits: from
10-15 to 100-130 mg/nm?®, For example, when wiping waste and wood was burned the concentration of solid
particles in the flue gas was 10-35 mg/nm3, and when the waste was burned with rubber, plastic, or absorption
filters, the concentration was 90-140 mg/ nma. The diameter of the particles carried from the furnace with
the flue gas did not exceed 5 u, and judging by the mass 70-80% of them had a diameter <2 p,

The process of the waste combustion is unsteady, this being especially pronounced with periodic charging
of the furnace: partially incomplete burning is observed in the initial period of waste combustion which is
characterized by the intensive emission of volatile products from the pyrolysis of the waste. As a result, the
flue gas contains incompletely burned particles of soot, drops of tar, etc., in addition to ash solids.

In the experiments the flow of flue gas through the filter was 90-120 m? (NTP)/h at a gas temperature
of 500-600°C at the inlet,

The accumulation of solid particles on the surface of the filtering elements results in the gradual growth
of the aerodynamic resistance of the filter. At the same time, the efficiency of the collection of the solid phase
from the flue gas increases. In the initial period of the filter operation (after the precoating) the efficiency
with which the solid phase was collected from the flue gas was 80-85% for the asbestos-coated filter and 90-95%
for the ash-coated filter. After 10-15 h of operation the filtration efficiency rises to 99-99.5% and the con-
centration of the solid phase in the scrubbed gas drops to 1.0-1.5 mg/ m? (NTP)..

Figure 2 illustrates two complete cycles (precoating—filtration—regeneration) of the change in the aero-
dynamic resistance of the filter during the process of flue-gas scrubbing. The process of filtration as well
as combustion was carried out periodically in the form of trials lasting 5-6 h, The curves characterize the
operation of filters coated with asbestos and with ash (see Fig. 2). It is seen that when the filtering elements
are coated with asbestos the aerodynamic resistance increases more slowly than when they are coated with ash,
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this being due to the structure of the deposited coating. The asbestos-coated filter was used without regenera-
tion for 38 h, during which time the aerodynamic resistance rose from 50 to 250 mm Hy0. In the case of ash-
coated elements the filter resistance rose from 60 to 400 mm H,O in the course of filtration.

With regeneration about 80% of the deposit from the filtering elements was dumped into the hopper and
the aerodynamic resistance was reduced to a value close to the resistance of the clean filter for the given
gas flow rate. Partial cracking of the layer filtered out was observed and this facilitated regeneration.

The trials showed that a wire cloth filter with a precoating of finely milled asbestos or ash ensures
effective scrubbing of flue gas from the combustion of solid waste, The deposition of an auxiliary layer makes
it possible to filter aerosols containing tarry products from the pyrolysis of waste. Regeneration of the filter-
ing surface with compressed air ensured qui’qe long service by the filter.
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OBITUARY ' '

IN MEMORIAM OF ARTEM ISAAKOVICH
ALIKHAN'YAN

Artem Isaakovich Alikhan'yan, an eminent Soviet scientist in the domain of physics of the atomic nucleus,
cosmic rays, and elementary particles, Corresponding Member of the Academy of Sciences of the USSR and
Academician of the Academy of Sciences of the Armenian SSR, died on Feb. 25, 1978. A. l. Alikhan'yan was
born on June 24, 1908, in Tbilisi in the family of a railroad worker. Upon graduation from Leningrad Univer-
sity in 1931, he began to work in the Leningrad Physicotechnical Institute. His first papers dealt with the
physics of crystals and x rays. A. L Alikhan'yan was one of the fathers of experimental nuclear physics
in the Soviet Union. In 1942, together with-A. I. Alikhanov he organized the Agarats High-Mountain Scientific
Station in Armenia where the composition and spectra of cosmic rays were studied.

From 1943 to the end of his life, A. I. Alikhan'yan headed the Laboratory of the Physics Institute of the
Academy of Sciences of the USSR and for 30 years he headed the Erevan Physics Institute. The largest elec-
tron accelerator (6 GeV) in the Soviet Union was built on the basis of this institute. Under the leadership of
A. I, Alikhan'yan important and interesting work was done on elementary-particle physics on the accelerators
of Dubna, Erevan, and Serpukhov and on the creation of new methods of particle detection.

Artem Isaakovich devoted much energy to the training of young scientists. He was the founder of the
department of the atomic nucleus at Erevan University and from 1946 to 1960 he headed the department of
experimental physics of the Moscow Engineering Physics Institute.

The scientific services of A. I. Alikhan'yan were appraised highly: he was awarded two Orders of the
Red Banner of Labor and the Order of the Badge of Honor and was laureate of the Lenin and State Prizes.
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The bright memory of Artem Issakovich Alikhan'yan, a restless, sea.rchin\g scientist, a brilliant science
organizer, and a life-loving and good person, will remain in the hearts of his comrades and collaborators
who worked with him and knew him well. '
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COMECON DIARY

THIRTY-THIRD MEETING OF THE COMECON
STANDING COMMITTEE ON THE PEACEFUL
USES OF ATOMIC ENERGY

Yu. I. Chikul

The 33rd meeting of the COMECON Standing Committee on the Peaceful Uses of Atomic Energy was
held in Moscow in Dec. 1977. It was attended by delegations of Bulgaria, Cuba, Czechoslovakia, the German
Democratic Republic, Hungary, Poland, Rumania, and the Soviet Union. Representatives of the international.
economic associations Interatominstrument and Interatoménergo, the Joint Institute for Nuclear Research
(JINR), and the UN Information Center in Moscow were also present.

The Committee heard a report by the Committee Chairman, A. M. Petros'yants, Chairman of the USSR .
State Committee for Atomic Energy: "Sixty Years of the Great October Socialist Revolution and the Fraternal
Cooperation of the COMECON Member-Countries." He pointed out the worldwide historical importance of
the Great October Revolution, the main event of the 20th century, and dwelt on the achievements of the Soviet
Union in the peaceful applications of atomic energy and emphasized the importance of the cooperation of the
COMECON member-countries in this area. '

The delegation heads congratulated the delegation of the USSR and, through them, the entire Soviet
nation on the 60th anniversary of the October Revolution, noted the international importance of the Great
October.Socialist Revolution, its influence on the development of the world system of socialism and the
formation of a new type of economic relations between countries, based on the principles of Marxist—
Leninist theory and socialist internationalism. ‘ '

The meeting considered the tasks of the Standing Committee which follow from the resolutions of the
31st Session of COMECON and planned measures for further cooperation in scientific research and experi-
mental and design work on the basis of agreements on problems agreed by the Committee for inclusion into
the long-term program of cooperation on satisfying the economically justified needs of the COMECON
member-countries for the main forms of energy, fuel, and raw materials up to 1990. The meeting also
considered the course of work on topics from the agreed plan of multilateral integrated measures for 1376-
1980 and on topics incorporated into the program of scientific and technical cooperation on the solution of

fuet and energy problems over the same period and over the longer run, cooperation which is being organized
by the Committee.

The Standing Committee considered topics pertaining to the elaboration of proposals on cooperation to
render assistance to the Republic of Cuba in the accelerated development of science-and technology in the
realm of the peaceful applications of atomic energy; it discussed a report on the work and proposals for
further activities of the provis}onal international scientfic-research group for reactor physics research on
a critical assembly of the VVER (water-moderated—water-cooled reactor) type. The Committee discusseda
report on the results of the Fourth Symposium "Research on Processing of Irradiated Fuel™ and designated
the main direction of scientific and technical cooperation in 1978-1980 in this field. The meeting discussed
the preparations for execution of a joint expedition in 1978 to study the radioactivity of the Danube River; it
approved "Technical conditions for the safe transportation of spent nuclear fuel from atomic power plants

of COMECON member-countries”; and it discussed ways of increasing the efficiency of operations by
Interatominstrument. '

The meeting approved the 1978-1979 plan of work for the Standing Committee and the 1978 plan of work
on standardization as well as the structure, contents, and order of preparation of annual Standing Committee
reports on work done and on future work. Appropriate recommendations and resolutions were adopted on
all topics discussed.
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SEMINAR ON THE DEVELOPMENT
OF REACTOR INSTALLATIONS FOR ATOMIC
BOILER HOUSES

S. A. Skvortsov

The Seminar, which was held in Moscow in Nov. 1977, considered the overall position in relation to
the application of atomic central heating plants in the COME CON member-countries, discussed the first .
designs of nuclear thermal electric power plants and atomic boiler houses as well as some experimental
work, data from which are necessary for the construction of atomic central heating stations.

It was pointed out during the discussion that atomic sources of heat have some advantages over sources
based on organic fuel, especially from the point of view of economics. Atomic boiler houses, which are less
economical than nuclear thermal electric plants, at the same time have a number of other advantages: they
do not require special-purpose plants to fabricate the equipment, they can be designed to operate with lower
parameters, they do not have a large consumption of technical water, and they occupy a small area. The
relative characteristics of atomic heat sources improve with the power of the facility. Atomic sources have
ecological as well as economic advantages. Different approaches to the choice of form of heat supply (nuclear
thermal electric plant or boiler house) were revealed at the seminar. Representatives of Czechoslovakia,
for example, pointed out that under conditions in which electricity as well as heat was in short supply it was
desirable to concentrate on the construction of nuclear thermal electric plants. The delegations from Bulgaria
(a country with a warm climate) and from the German Democratic Republic (with a large number of small
consumers) felt it most promising to employ boiler houses. It was, therefore, advisable to construct atomic
boiler houses in addition to developing nuclear thermal ele ctmc plants.

The economic studies in COMECON member-countries are directed at determmmg the demand for
heat over the next few decades, the choice of a rational power and optimization of the operating parameters
of the central heat supply stations, and at the elucidation of the potentialities of the application of already
designed reactors, especially VVER-440, for central heat supply purposes.

The safety studies concern the elaboration of the requirements as well as the measures for ensuring
radiation safety of central heat supply stations, consideration of poss1ble emergency situations, and provisions
to prevent the spread of activity. .

The designh work consists in the development of reactors of various powers (100-500 MW and higher)
for central heat supply stations, the choice of the principal parameters of the reactor coolant, determination
of the most expeditious peak of the reactor facility, and choice of the thermal system.

Each country will determine its participation in the development of atomic stations for central heat
supply. '

Translated from Atomnaya Energiya, Vol. 44, No. 4, pp. 373-374, April, 1978.
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MEETING OF SPECIALISTS ON FORECASTING

Yu. I. Koryakin

The second meeting, which met in Moscow in Dec. 1977, was devoted to a discussion of some new tasks,
goals, and needs in the establishment and coordination of methodological assumptions concerning the prepara-
tion of a joint engineering and economic report as well as a joint COMECON forecast for the development of
the nuclear power industry. These tasks include the study of the economic effectiveness and scale of appli-
cation of nuclear reactors in the near future for centralized heat supplies for industrial and municipal and
household purposes, the interaction of the nuclear power industry with the environment, and new aspects of

mathematical modeling as an instrument of optimization of the strategy for the development of nuclear power
during forecasting.

The meeting heard and discussed reports and communications by Soviet specialists on the principal
methodological assumptions on the determination of the comparative economic effectiveness of the use of
nuclear reactors for industrial and municipal and household heat supplies, on the ecological and economic
problems of the development of nuclear power, on the application of methods of solving multiple-criteria
problems in the nuclear power industry, and on the principal methodological assumptions on taking account
of the factor of indeterminacy in the calculated data when making forecasts for nuclear power by mathematical
modeling methods. The meeting heard a report by Czechoslovak specialists "Nuclear power and the nuclear
power complex of the COMECON member-countries, a systems approach.” '

Joint comprehensive studies on the use of nuclear reactors for large-scale centrahzed heat supplies
are necessary for finding the prospects for the application of atomic heat supplies in COMECON member-
countries with allowance for the specifics of each country, determining the overall scale of application of
nuclear reactors in the near future, and coordination of efforts on the construction and introduction of atomic
heat sources into the national economics of the socialist countries. Such studies according to a coordinated
program will make it possible to ascertain the economic feasibility and effect of the construction of atomic
sources for central heat supplies, to determine their rational profile, to formulate the requirements on the

basic and ancillary equipment as well as on the atomic sources of heat proper and also on the centralized
heat supply systems as a whole, etc.

The results of such studies can be useful in the development of standardized equipment for atomic
sources, for central heat supplies, thus permitting the most efficient use of the productive capacities of the

power engineering industries of the COMECON member-countries and to accelerate the introduction of
atomic sources of heat.

With the further expansion of the scale of nuclear power construction, ecological factors associated
with the interaction of nuclear power facilities with the environment take on increasing importance. The"
installation of power capacity is accompanied by the estrangement of large and valuable tracts of land, the
intensive use of water resources (in many cases, resources which are in short supply), and the inevitable
effect of waste heat on the environment. Ensuring the necessary rates of nuclear power development in the
COMECON member-countries in the long term may turn into a serious ecologicdl and economic problem; it
is the purpose of joint studies within COMECON initially to establish the diménsions of the problem, its
distinctive features; and the main attendant factors.

The meeting agreed upon 4 list of the initial data and the principal methodological assumptions for
making quantitative allowance for the factors in the interaction of nuclear power with the environment during
national studies. The meeting of specialists deemed it necessary to also take account of the effect that the
technology employed in the various links of the fuel cycle has on the ecology (processing of spent nuclear
fuel, transportation and handling of radioactive waste).

The meeting of specialists found it advisable to switch from one-criterion optimization 6f the develop-
ment of nuclear power in the COMECON member-countries (which was used earlier) to multiple-criterion
optimization and corrections for the indeterminacy of the initial data assumed in the calculdtions. This will
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permit the eltect ot a multiplicity of various factors to be taken into account more fully and concretely in the
mathematical modeling.

The meeting agreed upon organizational measures concerning the development of the methodology of
mathematical modeling and preparation of the necessary materials for subsequent discussion.

On the whole, the meeting of specialists proved to be extremely fruitful and useful. It not only worked
out and agreed upon the necessary methodologi cal materials, but enriched the participating specialists with
information about the systems aspects of the development of nuclear power in the COMECON member-
countries.

FIFTEENTH MEETING OF THE INTERATOMINSTRUMENT
COUNCIL

The meeting was held on Nov. 15-19, 1977, in Warsaw, Poland. At the meeting V. F. Krasov, a Council
member and President of the Soviet Foreign Trade "Izotop™ gave an address on "The 60th anniversary of the
- Great October Socialist Revolution and its influence on the dynamics of the development of cooperation of the
socialist countries in the realm of nuclear engineering."

This address and contributions by I. Kurdhalt, Deputy General Director of the KOVO trade company
(Czechoslovakia), and M. Herman, First Deputy Director of the Polon trade company (Poland), emphasized that
the dynamic development of the world socialist system and the many-sided strengthening of the friendship
and cooperation of the nations of the socialist countries are a direct extension of the work of the Great October
Socialist Revolution. One example of su cgessful economic cooperation in the realm of peaceful applications
of atomic energy is the fact of the activities of the international commercial association "Interatominstrument,"
uniting 15 commercial organizations of six socialist countries.

The Council considered the state of work on the specialization and subcontracting in nuclear engineering
production and approved the proposals of Interatominstrument for further specialization in 1978-1980. During
the meeting Appendix No. 1 was signed to the agreement on multilateral international specialization in the
production of nuclear engineering instruments and apparatus. After hearing information from the Director
of Interatominstrument about the analysis of the demand and production capacities of the countries, the
Council decided that the manufacture of nuclear physics apparatus should be based on economic agreements.

Taking note of the forecasts of scientific-research work and experimental design work, the Council
requested the Interatominstrument members concerned to conclude economic agreements with the Association
in 1977-1978 for coordination, subcontracting, or joint operations. -

The Council approved the plan of work and the fiscal plan of the Association for 1978 and also approved
the main indices for the plans of the Interatominstrument branches on technical service in Bulgaria, Poland,
and the Soviet Union. The implementation of the previous plan of work of the Association and the Council res-
olutions was discussed and approval was given to the report on the activities of Interatominstrument for the
period Oct. 1976 to Sept. 1977 for the COMECON Standing Committee on the Peaceful Uses of Atomic Energy.

The Council made some changes in the statute on the work of the auditing commission and added three
members to the commission. The auditing commission will now consist of one member from each of six
countries, and not from three countries as had been the case. »

‘Comrade 1. Koshinov, General Director of the State Commercial O'rganizatibn "Elektron® (Bulgaria), was
elected Council President for 1978.
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- THE BAKSAN NEUTRINO OBSERVATORY
OF THE NUCLEAR RESEARCH INSTITUTE
OF THE ‘ACADEMY OF SCIENCES OF THE USSR

A. A. Pomanskii

The Baksan Neutrino Observatory is a specialized complex of installations designed for the conduct of
basic research on neutrino astrophysics, cosmic-ray physics, nuclear physics, gravitation, seismology, biology,
and other disciplines; The complex is situated in the approaches to Mount Elbrus, in the Kabardino-Balkar
ASSR; it includes some unique multipurpose underground laboratories and also some above-ground installa-
tions which serve scientific and auxiliary purposes (Fig. 1). '

The Observatory is situated at an elevation of 1700 m above sea level, in the valley of the Baksan River.
The underground work is done in Mount Andyrchi, which is part of the Lateral Spur of the Main Caucasus
Ridge. The site of the Observatory was chosen because of the steep slopes of Mount Andyrchi and its rela-
tively high elevation above the base (2300 m). These favorable characteristics of the mountain make it
possible to set-up a deep-foundation chamber which will house radiochemical detectors of solar neutrinos
and electronic detectors of neutrino bursts from stellar collapses, with a relatively short (4000 m) horizontal
adit. The minimal thickness of rock above the solar-neutrino detectors (in order to suppress the background
from the penetrating component of the cosmic rays) will be = 2000 m of rocky soil, which amounts to about
5000 m of water equivalent. ’

The first line of the Observatory includes the following basic scientific installations:

an underground chamber with a volume of 15,000 m? hotising a 3200-channel scintillation telescope,
together with an adjacent laboratory room which houses the systems for recording and analyzing the informa-
tion transmitted.from the telescope, as well as the power sources and various technical services;

an underground low-background chamber;
an above-ground experimental room housing the "Kover" ("Carpet™) scintillation unit;

a chemical building, with an installation for preparing a large amount of liquid scintillator, and a
computing center.

The underground scintillation telescope (Figs. 2 and 3) is shielded from the daylight surface by a rock
layer equivalent to 850 m of water (the distance from the mouth of the adit is 550 m). This shielding atten-
uates the cosmic-ray muon flux by more than three orders of magnitude. ‘

The structural part of the telescope consists of a reinforced-concrete parellelepiped measuring 16 X
16X 11 m, formed by four walls 0.8 m thick and separated vertically into four levels with slabs of the same
thickness. In order to reduce the radiation background, the vault, walls, and foundation of the rock excavation
are lined with specially produced concrete made of ultrabasic rocks with a low natural radioactivity (Ural
dunites) and Portland cement. The background is reduced even more inside the telescope, since the concrete
used for its construction used as a binding component not Portland cement but special binders whose char-
acteristic background is considerably lower than that of Portland cement.

T/he telescope contains 3200 individual container-detectors filled with an organic scintillator and equipped
with FEU-49 photomultipliers. Each detector contains 150 liters of liquid scintillator with a white-spirit base.
The container-detectors are hung in close-packed rows on the external surfaces of the walls and are set up
on the various levels of the slabs of the structural part, forming four vertical and four horizontal recording
planes. ’ .

The detectors of the telescope are connected by means of a cable network with an electronic apparatus
specially developed at the Nuclear Research Institute of the Academy of Sciences of the USSR and consisting
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Fig. 2. One of the lateral surfaces of the underground telescope.
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Fig. 3. Top level of the underground scintillation telescope.
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of two memory units of 3200 channels each and a high-speed computer for processing the information; this
makes it possible to carry out exact time, amplitude, and trajectory measurements and identify the recorded
particles.

The prbgram of investigations conducted on the underground scintillation telescépe includes:
recording of neutrino bursts from collapsing stellar objects;

recording of high-energy neutrinos arriving from the opposite side of the earth, as well as searches
for neutrino oscillations; ‘

invéstiga_tion of the angular distribution of cosmic-ray muons;

study of the time vériaﬁons of the hig‘h-energy muon flux; | o
investigation of groups of muons and the processes of their generation in the atmosphere;
investigation of the characteristics of muon interactions taking place in the telescope itself.

We can safely say that the parameters of the underground telescope of the Baksan Neutrino Observatory
(3200 FEUs with associated electronic equipment and 300 tons of scintillator) make it the largest nuclear-~
physics installation in the world. :

, - The underground low-background chamber, lying under a layer of rock equivalent to 680 m of water {(at
a distance of 400 m from the mouth of the adit), is designed for testing the methods for experiments with solar
neutrinos in the deep-foundation chamber of the Observatory, as well as for conducting some delicate experi-
ments which require ultralow background. The reduction of the background in this chamber is due both to the
use of low-radioactivity concrete and to the shielding of the walls, vault, and foundation of the chamber by
pure dunite debris. As a result, in a space whose volume is equal to that of an ordinary room it has been
"possible to reduce the radiation background by a factor of 300. Inside the chamber there is some additional
shielding against background y -emitters, the basic element of which is tungsten containing a record-low
amount of radioactive impurities. This hag made it possible to reduce the radiation background by one more
order of magnitude. Around the low-background unit (Fig. 4) there has been set up in the chamber a protective
scintillation shielding (6 m? of methylmethacrylate plates) to suppress the cosmi c-ray background. :

" Because of the uniquely low background of ionizing radiation in this underground laboratory, the scien-
tists of the I. V. Kurchatov Institute of Atomic Energy were able to conduct an eéxperiment searching for spon-
taneous transitions of nuclei into the superdense state and to analyze sources of the residual background of
the large low-background scintillator blocks. Members of the Radium Institute have also worked here. The
All-Union Institute for Scientific Research on Single Crystals is conducting work in this underground laboratory
on the characteristic background of the inorganic scintillation crystals it produces and on raw material for
scintillators. Scientists of the Institute of Geochemistry and Analytical Chemistry of the Academy of Sciences

“of the USSR are now making measurements in the low-background chamber on'the radioactivity of lunar soil
brought back to earth by Soviet automatic stations. -

The "Kover™" above-ground scintillation unit, with an area of 200 m?, contains 400 typical detectors with
a liquid scintillator which are analogous to the detectors used in the underground telescope. This unit was
used for developing the methods of work used on the underground telescope (the "Kover" is identical to one of
the eight planes making up the underground telescope). Today the "Kover" ig being used for studying the
variations in intensity of cosmic radiation and also the nucléar interactions between primary cosmic rays
having superhigh energies (1015-10% eV) with the nuclei of atoms in air by the recording of the cores of broad
atmospheric showers. ’

Around the above-ground experimental room, where the "Kover" unit is situated, there have been set )
up six outlying points, each of which includes 18 typical detectors with a liquid scintillator. They are designed
for detecting broad atmospheric showers whose cores pass through the "Kover, "

The scintillator production unit, situated in the chemical building, produces up to 3 tons of scintillator
per day (Fig. 5). The solvent used is white spirit, the scintillating additive is PPO, and the spectrum shifter
is POPOP. The technology of scintillator production and the assembly scheme for the unit were developed at
the Nuclear Research Institute of the Academy of Sciences of the USSR. The unit has produced 300 tons of
scintillator for the underground telescope. :
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Fig. 4. Underground low-background unit. ‘ Fig. 5. Part of the 'quﬁid—scintillato_it pro-
- : duction unit.

The computing center of the Observatory includes "Nairi," ES-1033, and M-222 computers and is being
set up at the present time. ~ . : .

The construction of the deep-foundation underground laboratory — the most important part of the Ob-
servatory — is expected to be completed during the next 5 years. It will be shielded from the daylight surface
by a rock layer equal to 5000 m of water equivalent. The technological schemes for the large radiochemical
solar-neutrino detectors — a 3000-ton chlorine—argonand a 20-ton gallium—germanium detector —are being
tested at the present time. The planned scientific program of neutrino spectroscopy of the sun is directly
related to the power engineering of the future, since it will make it possible to verify our ideas about the

mechanism of generation of solar energy and about the rate of the thermonuclear reactions taking place in the
sun. : : ' ’

In the deep-foundation underground laboratory there will also be large scintillation units (1000 tons of
liquid scintillator) for recording neutrino fluxes from collapsing stars and verifying the stability of baryons.
Work is continuing on the search for ultralow-background materials and the development of technology for
their production. This is necessary for improving the seunsitivity of the radiochemical detectors and pro-
ducing electronic detectors for solar neutrinos. '

Various general-purpose and special-purpose 1ow7bad{ground laboratories will be constructed on the
way to the deep-foundation laboratory, along the principal adit of the Observatory.
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INTERNATIONAL COOPERATION

SESSION OF SOVIET - AMERICAN COMMISSION
ON COOPERATION ON POWER ENGINEERING

M. B. Agranovich

The session was held in Moscow in Dec. 1977. It was opened by the head of the Soviet delegation, P, S.
Neporozhnii. In a report heacquainted the American delegation with the scientific— technical work and the
development of power engineering in the USSR. The head of the U.S. delegation, J. O'Leary, spoke of the
development of power engineeringof his country in recent years. Then the results of cooperation in power
engineering since the first session (Washington, Oct. 1974) were summed up.

The Joint Commission noted the successful implementation of programs and the desirability of extendmg
the cooperation on the following subjects: design and operation of thermal electric power plants, including
a broad exchange of experience from the use of low-grade solid fuel; the design and operation of hydroelectric
plants, including construction under severe climatic conditions; the design and operation of systems for
heat removal from large electric power plants and systems for protecting the atmosphere from noxious dis-
charges from thermal electric power plants; ac and dc transmission of electrical energy at ultrahigh voltages;
and the use of solar energy. . '

The Commission approved the state of work on the magnetohydrodynamic (MHD) conversion of energy.
A significant contribution to the further-growth of the program of cooperation was made by the development
and construction of a Soviet MHD facility, the U-25B, in combination with the powerful American superconduct-
ing magnetic system installed in the Soviet Union on June 20, 1977. The construction of the components of
the MHD facility and the fabrication of a superconducting magnet in the U.S.A. for joint research at the High~
Temperature Institute, Academy of Sciences of the USSR (IVTAN SSSR), are considered as a landmark of
collaboration within the framework of the 1977 agreement. Of great importance were the Soviet—American
paper "MHD generatlon of electrical energy," presented at the World Electrotechnical Congress in Moscow in
1977, and a joint fundamental report on the technicoeconomic aspects of MHD generation of energy which will
be published in both countries. The further deepening of the bilateral collaboration in the realm of MHD
technology is taking on special importance as is also the construction and operation of MHD electric power
plants, including types operating on solid fuel.

J. O'Leary presented to the Soviet delegation materials on the state of work on nuclear power in his
country. The U. S.A. has programs on the technical improvement and increased safety of atomic power plants
with conventional light-water reactors. A great deal of work is being done on the handling of radioactive
waste both inside the country and within international cooperation, improvements are being made in reactors,
and a search is under way for new alternative fuel cycles. An experlmental fast-neutron facility which has »
been built is an important research improvement.

In the past year and a half successes have been achieved in confining plasma in tokamaks, in obtamlng
ultrahigh temperatures, and in developing heating with neutral beams. :

The Joint Commission will promote the development of effective contacts between power engineering .
experts of both countries. '

' The American delegation visited IVTAN where joint experiments are being conducted on the MHD
facility and also visited the Leningrad Atomic Power Plant and the Konakovo State Regional Power Plant.

Translated from Atomnaya Energiya, Vol. 44, No. 4, p. 380, April, 1978.
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CONFERENCES, MEETINGS, SYMPOSIA

_SOVIET - ITALIAN SYMPOSIUM "PRESENT -
DAY PROBLEMS OF POWER ENGINEERING"

S. Lutsev and Yu. Klimov

The symposium, which was held in Moscow in Nov. 1977, was attended by some 250 specialists of various
branches of power engineering of the USSR and Italy. About 100 papers and communications were presented

at the symposium, giving evidence of the thorough discussion of the present-—day problems of the organlzatlon
and development of the power facilities of both countries.

The large number of papers and the multifaceted nature of the topics taken up in them made it necessary
for the symposium to work in three sections, each with subsections.

The first section considered conventional electrical power engineering (production of electrical energy
and heat, their distribution and demand, equipment for their production). The second was devoted to nuclear
power engineering (thermal and fast reactors, components of atomic power plants, the fuel cycle, thermo-

nuclear fusion, and nonelectrical uses of atomic energy). The third section was concerned with fuel resources
(production and demand).

The plenary meeting heard papers by the head of the Italian delegation, A. Faedo, and by G. Ammassari
and A. Angelini; a paper was also presented by the Soviet delegate A. A, Beschinskii. The papers illuminated the
state of power facilities in Italy and the Soviet Union and their principal features and development trends.

The Italian specialists pointed out the dependence of their country on fuel imports. They noted the
changes in the energy policy after the 1973-1974 crisis and the rise in the costs of useful energy. The energy
diffi culties resulted in a slower rate of economic growth. Domestic energy resources satisfy only 20% of the
demand. Atomic power plants are therefore necessary as an alternative to hydrocarbon fuel and nuclear
power is being considered as the mainstay of the electrical energy supply in the country in the long term.

Italy at the present time has four atomic power plants with a total capacity of 1400 MW and by 1990
atomic power plants will be accounting for 8% of the total electricity generated. The construction of fast
breeder reactors is looked upon as the general direction in which nuclear power should develop. The orienta-
tion of the country towards fast breeder reactors and heavy-water reactors baged on natural uranium calls
for particular attention to the links in the external fuel cycle, viz., plutonium regeneration and processing.

Nuclear power is part of the energy concerns of the country. Economic growth can be intensified if all
forms of energy sources are developed in Italy, if the output of electrical energy is doubled over the next 25

years, and if additional nontraditional energy resources are utilized, i.e., geothermal, tidal, solar and wind
sources.

In his paper, A. A. Beschinskii told of the state of and prospects for the development of a comprehen-
sive fuel and energy complex in the USSR — the totality of the material means involved in the extraction,
conversion, transportation, and distribution of all forms of energy, energy resources, and energy carriers.

He gave an account of the successes of power engineering in the USSR. Nuclear power, whose total capacity
is rising steadily, has become a new branch.

Various aspects of nuclear energy were discussed in greater detail at the meetings of the second
session. Papers on thermal reactors, which Italy and the USSR both have, expressed the interest in channel-
type reactors (the graphite-moderated high-boiling reactor and the heavy-water CIRENA) as types which have
been mastered and, most important of all, display great possibilities for further engineering and economic
improvement. There were many problems in common, as emerged from the papers, in vessel-type reactors
which predominate in the nuclear power industry inItaly. At the same time, a specific aspect of the approach
in Italy to the design of atomic power plants is the attention paid to making the structures earthquake-proof.
During the discussion in this subsection, Italian specialists noted the great successes achieved in the USSR in

Translated from Atomnaya Energiya, Vol. 44, No. 4, pp. 381-382, April, 1978.
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the construction of commercial channel-type reactors with a high unit power. This was emphasized particu-
larly with respect to the design of a channel-type sectional-block reactor with a power of 2400 MW (electrical).

The bulk of the papers in the subsection on atomic power plant components were presented by Italian
specialists. They dealt with research on steam generators and pumps, the technology of constructing vessels
and electromechanical components for reactors, and water heaters, and combined designs.

Italian specialists are devoting much attention to the organization of a machine-building base for nuclear
power equipment which should meet special requirements. Firms and associations in Italy are setting up
special machine-building capacities for this purpose. An important feature for Italy is the trend towards
compactness in the structural designs for atomic power plants, this being explained by the high cost and
shortage of land in the country. Standardized block elements for atomic power plant structures also pre-
dominate. The papers pointed out the tendency to increase the concentration of power on the sites of atomic
power plants but thus far not above 2000 MW according to the conditions for connecting atomic power plants
into the Italian energy system. -

The papers and discussion of the subsection on fast reactors revealed a community of views as to the
goals, tasks, and ways of accomplishing them in solving problems. In both countries sodium—water steam
generators constitute a "sore spot,® thus giving rise to greater efforts in this area. The Italian specialists
stated that the complexity of the problem and the large expenditures for the development of sodium-cooled
fast reactors call for cooperation with other countries, primarily France (joint construction of the 1200-MW
Superphenix). Italy is specializing in the production of steam generators.

Fuel recharging occupied a special place in the discussion. It should be noted that both countries are
dedicated to a gradual transition to the large-scale use of fast breeder reactors which, it appears, will deter-
mine the future of nuclear energy. It was thus acknowledged that the use of plutonium in thermal reactors
may be of a partial, local, or temporary character., The general direction of its use is in fast breeder
reactors.

The growth of the nuclear power industry in both countries raises the problem of processing spent
fuel. The situation concerning this problem of the fuel cycle of atomic power plants and the technological
regeneration and the prospects for improving it was described equally by Italian and Soviet specialists. In
both countries the main attention is being devoted to the processing of fuel from thermal reactors by aqueous
methods. Much progress has been made in mastering them. However, the future will evidently belong to
dry (fluoride} methods since hopes for a short (up to 1 year long) external fuel cycle are linked with them.
Considerable success has been achieved in both countries in the processing and disposal of radioactive waste.
In their papers the Soviet and Italian specialists stressed the endeavors to concentrate and solidify radio-
active waste (vitrification and bituminization). Unlike Italy, which employs the ester process, the USSR gives
preference to the continuous method as the most technological method. Interest was aroused by an Italian
paper on the burial of radioactive waste in deep geological formations, salt-bearing and clayey formations.
The latter are saturated with water which has an almost zero velocity, this on the whole being conducive to
the filtration of radioactivity. The burial of waste on an industrial scale at Trizai is expected to be mastered
by the end of the 1980s.

The last group of topics in the second section concerned untraditional but promising areas of the use of
atomic energy. In this connection mention should be made of a Soviet paper on the prospects for the applica-
tion of the heat from nuclear reactors in high-temperature technological processes which considered various
ways of obtaining and conveying a high temperature. Heat exchange by radiation as well as by convection was
touched upon. Another Soviet paper dealt with energy-sociological concepts about the structure of the nuclear
power industry in the more distant future. An Italian paper analyzed the consumed part of the energy balance
of the country. It follows from this analysis that, first, electrification of energy consumers has its limits and,
gecond, the main demand for energy in Italy is for low-potential heat, encompassed by the parameters of
reactors. The paper concludes that it is in this direction that efforts should be made since the introduction
of reactors here will save high-grade hydrocarbon fuel and will reduce the dependence of the country on
imports of such fuel. Naturally, however, many problems are entailed, in the first place with the choice of
sites near populated areas for atomic heating plants and with the uneven nature of the demand for heat (24-h,
weekly, and seasonal).

Finally, Italian and Soviet papers gave a review of the state of the art in research on thermonuclear
fusion. It was pointed out that increased interest was being taken in this subject, as exemplified by the con-
struction of a facility of the Soviet tokamak type in Frascati.
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At the cloging plenary session of the symposium, Soviet and Italian specialists summed up the results
of the work of the sections and emphasized the coincidence of many problems, technical solutions, and charac-~
teristic features of the approaches. The main outcome of the symposium consisted in a useful and effective
exchange of views and mutual enrichment on the fundamental problems of power engineering of both countries.

THE INTERNATIONAL CONFERENCE
ON VIBRATION CAUSED BY COOLANT
FLOW IN FAST REACTORS

V. F. Sinyavskii

The conference held in Sept. 1977 at the Argonne National Laboratory (United States) was convened at
the initiative of the International Atomic Energy Agency's International Working Group on Fast Reactors.
This was the first conference devoted to a discussion of the hydrodynamics of vibrations in fast reactors. The
participants heard 15 reports devoted to criteria for the construction and design of fast reactors with sodium
coolant, design methods, and research programs.

The British program of research on vibrations in fast reactors with sodium coolant was descr{bed ina

"report by A. Collinson. The report discussed structural elements of the PFR reactor which may be subjected

to extraordinarily severe vibrations and the possible mechanisms producing_ such vibrations. Another report
(by E. Pitimada et al., Italy) described the results of research on the vibration characteristics of a model of

the fuel assembly of the PEC reactor. In parti cular, this research yielded vibration amplitudes which varied
with different structural factors and with the rate of flow. ‘

_ The reports presented by V. G. Fedorov and V. F. Sinyavskii (USSR) discitssed the scope and sequéence
of the investigations required for producing vibration-resistant tube bundles in steam generators and fuel
assemblies of reactors, as well as the structural measures which will reduce the vibration. The reports
described the results of vibration tests of fuel assemblies on test stands. Of particular interest were the
regults of research on the vibration of the tube bundles of the BN-350 steam generator and the data obtained
on a model of the BN-600 evaporator. Calculated and experimental relations were proposed for computing
the associated mass and damping coefficients of the tubeg and tube bundles.

The program of investigation of the flow-induced vibrations in components of the CRBRP includes an

.estimate of the reactor components from the viewpoint of their sensitivity to vibration, design rules which

can minimize the excitation of the components, investigations on models, and startup and adjustment tests
(report by E. Novendstern et al., U.S.A.). An estimate was given for the vibration characteristics of the
internal components of a model of the FTR reactor (scale of 0.285), as well as a survey of the results obtained
at the Argonne Laboratory, which is a center for the study of fundamental problems of vibrations in the

United States program on fast reactors (report by M. Bambsgans).

A report devoted to a study of the vibration characteristics of elements in the active zones of the
Phenix and Superphenix (France) described methods of computational and experimental research and the
variation of the vibration characteristics of fuel assemblies as a function of coolant flow velocity. It
described a three~-dimensional method for calculating the vibration of tubes resulting from internal flow past
the tube walls. The problem was reduced to calculating the reaction of a loop to disturbances in acoustic

pressure. The calculation results were found to be in satisfactory agreement with the experimental results
for resonance frequencies and amplitudes.

Three types of heat exchangers developed for the SNR~300 were described in a report by A. van Beck
(Netherlands). Measurements were made to determine the flow-induced disturbing forces on the tubes of
flow-through steam generators. Calculations and full-scale experiments showed that no impact wear of the
tubes is to be expected. The spectrum of forces produced by coolant flow for a steam generator with spiral
tubes was investigated from various points of view.

Translated from Atomnaya Energiya, Vol. 44, No. 4, pp. 382-383, April, 1978..
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Vibration investigations on the equipment inside the shell and on the tank of the SNR-300 (Federal
Republic of Germany), conducted with water and sodium, showed that the vibration of the fuel agssemblies will
be ingignificant. In order to collect the necessary data to demonstrate the reliability of the equipment inside
the shell, a method which included both theoretical and experimental investigation and a series of measure-
ments which will be conducted when the reactor is started up and adjusted was devised.

The participants in the conference heard the results of the investigation of hydrodynamic vibrations of

structural elements of the JOYO experimental fast reactor and a prototype of the MONJU fast reactor (Japan).

Particular attention was given to the fuel assemblies. The results of experimental research for a natural
model of the JOYO assembly were given. The report discussed a malfunction of a sodium valve on the ex-

perimental stand. The reason for the breakdown had been fatigue failure of the sylphon bellows of the valve
as a result of vibration.

It was noted at the conference that today the approach to the problem of hydrodynamic vibrationg has
changed congiderably.

In the recent past, little attention was given to vibration in the early stages of design, and if problems
arose, the project was modernized. Today the need for vibration research at the early stages of design is
generally recognized. In many cases, in order to preclude the possibility of operating regimes that give
rise to excessive vibration, model tests are conducted. However, in spite of calculations and model tests,
there are certain difficulties in estimating the behavior of operating installations. Therefore, in order to
obtain additional guarantees, full-scale vibration tests are conducted on the components of installations using
sodium, and vibration measurements are made when the reactor is started up and adjusted.

The basic failure mechanisms discussed at the conference — fretting, wear, and fatigue damage — are of
the greatest interest in estimating the vibration resistance of components of steam generators and fuel

assemblies. Today it is not possible to establish any laws governing the variation of fretting and vibration
wear while an ingtallation is in operation.

The structural elements which require consideration from the viewpoint of hydrodynamic vibrations
include those areas in which there is a sudden change in the coolant flow velocity as a result of changes in
geometry. Designers endeavor to keep the characteristic frequencies of vibration of structural elements far
from the frequencies caused by the separation of vortices. For cases in which it is impossible to keep the
frequencies sufficiently far apart, they make experimental estimates. In order to estimate the strength of a
component, the stresses arising as a result of vibrational motion are added to the stresses caused by other
modes. The components which were most frequently discussed in connectwn with the vibrations caused by
coolant flow were fuel elements and the tube bundles of steam generators tubes and other equipment inside

- the shell were less often involved.

In order to predict and prevent excessive vibration, full-scale invegtigations were carried out for the
internal components of a reactor, the heat exchangers, and the steam generators, and model investigations
for large structures. Only in a few cases of simple geometry can the response to the forces excited by liquid
flow be analytically calculated with acceptable accuracy if we measure the velocity distribution and the
characteristics of the pressure fluctuation. When data are carried over from a model to natural conditions,
there are limitations due to the difficulty of taking account of the effects of thermal expansion, radiation
swelling, and boiling. Experience in the operation of fast reactors indicates that the investigative methods
used are gatisfactory but cumbersome and expensive.

Most of the results obtained thus farhave only limited applicability, owing to the many factors that affect
the vibration characteristics, and therefore they cannot be used directly by designers. Only for a few cases
of simple geometry and ideal flow conditions has the information been sufficiently verified, so that it can be
given in the form of handbook material for a designer.

Today, monitoring and control of vibrations is being carried out only on individual components of
operating installations. However, because of inadequate experience in the interpretation of the observed
results, the information cannot be used by the operators of the installations.

Using the method of expert estimates, the participants in the conference determined the basic problems
in hydrodynamic vibrations which will require further study:

— flow distribution and pressure fluctuations in real hydroelastic systems; investigation of three-
dimensional force functions and their space—time correlations for flows in fuel assemblies and steam
generators;
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— vibration wear and fatigue, which make it possible to determine the cr1t1 cal values of the vibration
characteristics of reactor components;

— mechanisms for damping the oscillations of structural elements in a liquid;
— modeling, including thé carrying over of results from water to sodium;

- observation techniques, with a view to determining the appearance of dangerous vibrations in oper-
ating reactors, as well as calculation methods.

The materials of the conference have been published as working papers of the International Working
Group on Fast Reactors. ’

THE INTERNATIONAL CONFERENCE
"BERYLLIUM-77"

G. F. Tikhinskii

The, physi costructural properties of beryllium make it an interesting material for research and-a pro-
mising one for practical application. The fourth conference, meeting in London in-Oct. 1977, was devoted to
a summary and discussion of the results of metal-physics and technological research in recent years. The
conference was attended by more than 120 delegates from 13 countries who presented and discussed more
than 60 papers on the materials science, technology, and practical uses of berylium. ' '

The conference paid the greatest attention to the cold brittleness of beryllium and discussed the
results of the search for arealization of promising ways of enhancing its plasticity and toughnéss. New data
obtained in recent years are of practical as well as scientific interest. Metal-physics research in the USSR
and the U.S.A. showed that, notwithstanding the great proclivity of beryllium to brittle fracture, the plasticity
of the polycrystalline metal can be increased by bringing into play additional deformation mechanisms '
which, according to the von Mises—Taylor criteria, it lacks. Such additional mechanisms leading to stress
relaxation at crack tips and reduction of the temperature threshold of cold brlttleness can, e.g., consist of a
developed glide over ordinary systems (above all, over the planes of a base and prism of the first kind),
weak slip along grain boundaries, and accommodated dislocation glide. However, if the last mechanism is
to be realized, it is necessary that the metal be fine-grained and contain only a slight amount of impurities.
This possibility of increasing the plasticity of beryllium was established by workers of the Kharkov Physico-
techni cal Institute, Academy of Sciences of the Ukrainian SSR (FTI AN USSR), during research on the effect
of structural factors and impurities on the cold brittleness of metals, The report by the conference showed
that such an approach to the cold brittleness of beryllium has at the present time become current. Thus,

D. Webster (U.S.A.) reported having obtained specimens of isotropic (untextured) beryllium which has a .
relative elongation of up to 13% at 20°C. He also believes that the high plasticity and toughness charac-
teristics attained in fine-grained high-purity beryllium are due to the mechanism of slip along grain
boundaries. N. Pinto (U.S.A.) told of a new experimental grade of beryllium developed by Kawecki Berylco
Industries (KBI); in the isotropic structural state at 20°C it has o', =56 kgf/mm?, o g=41 kgf/mm?, and 6= 4%.

'High mechanical properties of pure fine-grained beryllium with an igotropic structure were also re-
ported by F. Oldinger (German Federal Republi¢), G. Turner (Gt. Britain), and others.

Progress in improving the properties of beryllium with an isotropic structure has been made by the
application of pure electrolytic, electrolytically refined, or distilled beryllium and new methods of powder
metallurgy which permit ultrafine powders to be obtained and to be compacted without any significant contam-
ination of the metal with impurities. Better results have been obtained with isostatic pressing of powders.

The new methods of powder metallurgy are now used to obtain industrial grades of pure beryllium. For
example, KBI produces two new grades of the metal: CIP/HIP-1 (the powder is first subjected to cold iso-
static pressing and then to hot isostatic pressing at 1000-1100°C) and HIP-50, which are distinguished by high
strength and plasticity, uniformity of structure and composition, isotropy, and enhanced resistance to micro-
plastic deformation. Blanks and products of quite complicated shapes can be obtained by hot isostatic pressing.
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Several papers were devoted to the study of the possibility of plasma (or thermal) spraying of beryllium
in a controlled atmosphere. The method is convenient for obtaining a porous metal and some thin-walled
products. Under optimal conditions of forming and heat treatment, the physicomechanical properties of the
metal obtained by thermal spraying are comparable to those of hot-pressed beryllium.

An ingot-deforming technology is used abroad to obtain some half-finished and finished products.
Kawecki Berylco Industries, e.g., employs this technology to produce sheet, ultrathin foil, and wire. Sheets
made from ingots of pure metal have a higher plasticity and lend themselves well to welding. According to
data from British researchers, products of intricate shapes can be stamped from such sheets.

Four Soviet papers read at the conference dealt with the study of the thermally activated mechanism
of plastic deformation of monocrystalline and polycrystalline beryllium, realization of a gsubgrain (cellular)
structure in the metal as a basis for obtaining a highly disoriented grain structure, and the study of plastic
deformation of pure (99.95% Be) fine-grained (~5 p) metal obtained by mechanical and heat treatment of
ingots. Such metal in the quasi-isotropic state can possess high plasticity at room temperature (5 = 22%)
and superplasticity (6 =300%) at 650-700°C. These characteristics considerably surpass those achieved by
foreign regsearchers., The papers aroused great interest among the conference delegates.

Some of the papers were devoted to the applications of beryllium, The main consumers of the metal are,
as before, the aerospace industries. The application of the metal in these areas is growing. Some papers
in particular considered the use of beryllium for optical mirrors and hydraulic devices, i.e., in applications
where its physical properties (rigidity, structural and dimensional stab111ty, resistance to microplastic
deformation, etc.) play a cardinal role.

An analysis of the applications of beryllium in the nuclear power industry was made by S. Pew (Harwell,
Gt. Britain). At the present time this metal is used in some types of reactors as a neutron reflector and
moderator. Although in the 1960s some success was achieved in improving the heat resistance, resistance
to gas corrosion, and radiation resistance of beryllium as a material for fuel element cans, large-scale
elements have hitherto not been conducted. Consideration is being given to the possibility of employing
beryllium in the breeding blanket of breeder reactors and as a material for the walls of thermonuclear
reactors.

The "Beryllium-77" conference was undoubtedly useful from the point of view of an exchange of
experience and information about the state of research and prospects for the application of beryllium.
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EUROPEAN CONFERENCE ON PLASMA
PHYSICS AND CONTROLLED THERMONUCLEAR
FUSION

V. D. Shafranov

The 8th conference, which took place in Prague in Sept. 1977, was attendéd by some 300 delegates from.
23 countries, including the U.S.A., Japan, Canada, and Australia. Four sections discussed about 180 original
papers and the plenary sessions heard 17 review papers. The largest number of papers (about 70 sectional
and 7 plenary) were on tokamaks.

As is well known, plasma with a density n~ 108~10% ¢cm™, temperature T ~ 1 keV, and lifetime of up to
50 msec is obtained at present by means of ohmic heating in the case of the large T-10 (USSR) and PLT
(U.S.A.) tokamaks and with auxiliary heating by injection of a beam of neutral atoms in the case of the some-
what smaller TFP (France) and DITE (Gt. Britain). One of the cardinal problems encountered in moving
towards higher temperatures is posed by impurities which affect the global stability of the plasma as well as
its energy balance. In the short time since the conference at Berchtesgaden,* considerable progress has
been made in explaining the mechanism by which impurities are formed and how they affect the dynamics of
the plasma column. The main results were obtained on the DITE facility. Light impurities (primarily oxygen
atoms) are formed as the result of desorption from the chamber walls by hydrogen atoms circulating between
the plasma and the wall. Falling into the plasma, these impurities cool its periphery and lead to a redistri-
bution of the current and subsequently cause instabilities. Heavy impurities (atoms of the wall material) are
formed chiefly because of spontaneously initiated unipolar arcs. Ions of an impurity with a high atomic
number penetrate deeply into the plasma, cooling its central part with their powerful radiation, and causing

a "dip" in the temperature distribution. Effective ways of controlling the entry of an impurity have been
dev1sed- :

gettering (sputtering titanium onto the chamber walls) to weaken the circulation of hydrogen atoms and,
consequently, the desorption of light impurities;

removing the effective boundary of the plasma from the walls to prevent unipolar arcs by artificially
cooling the plasma edge (admitting neutral gases, constructing a magnetic diaphragm, artificially disrupting
the extreme magnetic surfaces to increage the thermal conductivity of the plasma periphery, etc.). In work
on the DITE, DIVA (Japan), and T-12 (USSR) facilities under various conditions it was observed that diverter
devices have a beneficial effect on the protection of the chamber walls from bombardment with particles
and on the shielding of the plasma from impurities,

A great contribution towards unravelling behavior of impurities was made by experiments on the T4
facility (USSR) during which it was discovered that ions of a high degree of ionization are ejected from the
hot plasma.,

Positive shifts have been made in the application of less expensive heating methods than injection, viz.,
rf methods of directly heating the ionic component of the plasma. The results obtained earlier on the ATC
facility (U.S.A.) on heating in the region of ion-cyclotron frequencies were augmented with the first data
about the effect of heating at lower hybrid resonance (Tuman facility, USSR, and Petula facility, France), as
well as in helical modes (P-02, two-setting stellarator of the Sukhum Physicotechnical Institute).

In the realm of the theory of plasma confinement, the greatest interest was aroused by the theory of
dimensionality developed by J. Connor and J. Taylor to obtain the dependence of the energy lifetime on the
plasma parameters and by work on the calculation of the limiting pressure due to the so-called balloon
instability of plasma. Numerical calaulations played a great role in the latter.

* Atomnaya Energiya, Vol. 42, No. 2, 155 (1977).
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Good results have also been obtained with recently constructed second generation stellarators Liven'-2
(Lebedev Institute of Physics, Academy of Sciences of the USSR), Cleo (Calem, Gt. Britain), Uragan-2
(Kharkov Chemical Technological Institute, USSR}, and Wandelstein VII-A (Garching, Federal Republic of
Germany) as well as with tokamaks. With chmic heating results close to those in tokamaks are obtained:
Te=200-900 eV, T{=100-300 eV, n=5+ 102-6- 108 em™® , T g=1-10 msec, and Tp=5-30 sec. The quite high
efficiency of chmic heating is due in considerable measure to the insulating effect of the specific stellarator
poloidal magnetic field. However, as I. S. Shpiegel' (USSR) noted in his paper, one has the impression that
ions behave somewhat worse in stellarators than they do in tokamaks. In view of the importance of eluci~
dating the prospects of stellarators, an international working meeting was organized in the town of Zdikov,
150 km from Prague, within the program on controlled thermonuclear fusion. One of the principal tasks
brought up at the meeting was that of going on to obtain high plasma parameters without ohmic heating
(injection of neutral atoms, rf heating). This could throw much light on the mechanism of anomalous energy
losses by plasma in toroidal systems. '

Interesting research on the dynamics of stabilized pinches was reported on by British physicists. Both
numerical calculations (J. Wesson and A. Sykes) and experiments at Calem showed that a stable configura-
tion with reversed toroidal magnetic field is formed as the result of the development of a helical instability.
The parameters of plasma in stabilized pinches are still considerably lower than in tokamaks and, probably,
the interaction of the plasma with the chamber walls during the process of reconstruction of the configuration
is respongible.

The programs for the development of research on new large facilities at Calem (HBTX-1A, RFX), Los
Alamos (ZT-40), and Padua (ETA-BETA), are aimed at optimizing the conditions for the formation of a
stable plasma configuration, including the choice of wall material.

As far as open traps are concerned, particular attention is now being paid to the program of large-
scale experiments at Livermore (U.S,A.) which F. Coenchen described. Recent successful experiments on
the confinement of plasma produced by a powerful injection of beam of neutral atoms made it one of the fore-
most tasks to create a reversed-field configuration (transformation of an open trap into a closed trap with
high plasma pressure). This goal has nearly been reached. Another great task is that of verifying the idea
advanced by D. 1. Dimov (Institute of Nuclear Physics, Siberian Branch, Academy of Sciences of the USSR)
about improving plasma confinement in an ambipolar trap. A trap of this kind, called a tandem, is to be
constructed at Livermore within a year.

Some work, both theoretical and experimental work done on small installations, was devoted to studies
on plasma in confinement and instabilities in traps by exciting oscillations or adding cold plasma.

Besides the program on controlled thermonuclear fusion, based on magnetic thermal insulation of
plasma, in recent years there has been a broad development of research on the use of laser beams and beams
of charged particles to heat and compress microtargets. In Livermore, experiments on the laser compression
of deuterium-filled miniature glass balls produced a thousandfold compression, a temperature of 5 keV, and
a neutron yield of 3« 108.

Some papers presented at the conference dealt with the modeling of compression in order to explain
the mechanisms of anomalous transfers, on which the development of the process depends. In a paper, N. G.
Basov et al. described the 12-channel laser thermonuclear installation "Del'fin," with an energy of 10* Jina
pulse and a duration of 10~? sec, constructed in the Lebedev Institute of Physics.

Successful experiments by L. I. Rudakov et al. resulted in increased interest in the use of beams of
charged particles to compress plasma. In his paper, G. Ionas (U.S.A.) presented the results of experiments
on preheating and additional magnetic insulation of compressed plasma formed by passing a current of 5-10
kA through a CD, column of diameter 25-50 p in a plastic envelope (diameter 3 mm). A neutron yield (~ 10°
in a pulse) was detected in the experiments.

Some papers- congidered the interaction of radiation with plasma, diagnostics, and reactor problems.

The Prague conference proved to be highly productive. This is evidence of the steady advance in re-
gearch on controlled thermonuclear fusion and acceleration of the research through broad international colla-
boration. The Czechoslovak hosts digplayed cordial hospitality and did everything for the successful work of
both the conference and the stellarator meeting.
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SEVENTH INTERNATIONAL VACUUM
CONGRESS

G. L. Saksaganskii

The Congress was held in Sept. 1977 in Vienna (Austria) at the same time as the Third International
Conference on Solid Surfaces. Some 1400 specialists from 40 countries participated in the work of the
Congress and the conference which were organized by the International Union for Vacuum Science, Technique,
and Applications (IUVSTA) and the Austrian Vacuum Society with the participation of the IAEA. A total of
some 750 plenary and panel papers were presented on vacuum physics, technique, and technology, the kinetics
and interphase interactions, thin films, surface analysis, etc. As part of the Congress there was an exhibition

of vacuum pumping, measuring, and technological equipment, instruments, and apparatus made by major
foreign firms.

The delegates visited the laboratories of the science center of the Austrian Society for Research on
Atomic Energy at Zeibersdorf and the Technical University of Vienna. o '

The papers presented at the Congress covered the following areas: vacuum pumps, the flow of rarefied
gases, electric discharge and breakdown in a vacuum; fittings and materials for high-vacuum systems;
vacuum gauging and mass spectrometry equipment; vacuum metallurgy; vacuum-technical problems of
apparatus for physical research (controlled thermonuclear fusion, accelerators, and space simulators).

A review paper on obtaining and measuring an ultrahigh vacuum was prepared by the ISR vacuum
group (CERN). The paper generalized the experience gained in constructing and operating unique vacuum
systems for proton storage rings. It was noted that the parameters attained (mean pressure ~ 10" mm Hg
and, in segments of contact, less than 10~ mm Hg) are the result of the comprehensive solution of the
threefold problem of choosing the chamber material and developing a te chnology for thoroughly degassing it,
employing "ideal" vacuum pumps with a maximum residual pressure of less than 10~ mm Hg, and designing
vacuum gauges with adequate characteristics. The chambers of the storage rings are made of stainless '
steel and dispersion-hardened alloys of the Inconel type. After long annealing of the half-finished chambers
at 950°C and repeated thermal conditioning of the chamber at 300°C (stainless steel) and 550°C (for Inconel),
the specific rate of gas release is reduced to 2:107'3 and 5. 10-15 liter. mm Hg/sec.cm?, respec-
tively. The storage elements are pumped down concurrently by ion-getter condensation helium pumps
with cryosurfaces at a temperature of 2-4°K. To reduce the rate of evaporation of condensed hydrogen
under the effect of radiation fluxes, hydrogen is condensed on a layer of nitrogen condensate deposited on a
silver substrate. The condensation pumps have a pumping speed of (4.5-27)* 103 liters/sec (H,) and the oper-
ating period per filling of liquid helium at 4.2°K is up to 80 days. '

The rate of evaporation of liquid helium in ordinary condensation pumps was determined to the extent
of 95% by the radiative heat influx from the nitrogen shields. To reduce it, second-generation cryosorption
pumps rated 4.5+ 10° and 11 - 10° liters/sec of more complicated design were constructed: the helium chamber
proper was surrounded with a neon-filled hermetically sealed jacket on all sides except the one facing the
entrance port. The heat influx into the helium chamber was thereby substantially decreased, and the operating
life was increased to 200 days. : :

The design of the ionization manometers was also optimized, and this made it possible to decrease the
pressure limits by ~ 1 order of magnitude. After precision calibration jointly with the cryosorption pump,
these manometers were used to measure the minimum residual pressure and the operating rate of the sublima-~
tion, sputter-ion, and nonsputtering getter pumps used with the ISR. This made it possible to optimize the
evacuation regimes and the vacuum system as a whole.

A number of other.papers were delivered by the same group. In particular, they discussed the results
of the development tests of a model of a vacuum-chamber section for a planned proton storage ring rated 2 X
400 GeV with a superconducting magnetic system. Supplementing the vacuum technology presently used in

Translated from Atomnaya Energiya, Vol. 44, No. 4, pp. 386-388, April, 1978.
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the ISR, a titanium layer was deposited on the wall of the model (of 50-mm diameter and 5.1-m length), after
outgassing (150°C) and attaining a residual pressure 410~ torr (a titanium wire inserted along the chamber
axis was thermally evaporated in an argon medium at a pressure 0.1 torr). The chamber was then evacuated
by turbomolecular and sputter-ion pumps to 2. 10-11 torr (H, — 91%, CO — 6%, CH, — 2%, CO, ~ 0.7%, H,0 < 0.5%,
Ar <0,1%). The passage of the proton beam through the chamber was imitated by exciting a discharge in the
argon medium (10-¢ torr) by applying to the titanium wire a potential + 700 V and turning on the thermionic
tungsten emitter, The coefficient of ion-stimulated gas release was determined from the increase of the par-
tial pressure of the individual components, By way of example, for CO this coefficient decreased after the
sputtering of the titanium by a factor of 100, According to the authors' estimates, the use of this technology
increases the limiting stored current by almost 50 times.

In connection with shakedown of the variant of the "cold" (~4°K) chamber for storage rings, with a super-
conducting magnetic system, the ion-stimulated desorption from the surfaces of the condensates was measured.
The experiments were made with H,, He, and N, condensates on a stainless steel substrate (T =2-4°K) with the
surface bombarded by Hf, He*, Ar+, and other ions at an energy of 0.5-1.0 keV. The coefficient of desorption
from the surface of the layer under the influence of the bombarding ions increased rapidly with increasing
surface filling coefficient, reaching a maximum or saturation at a condensate thickness of several monolayers.
For example, when the condensate H, (3,2°K) was bombarded by its own ions (5 keV) the coefficient of ion-
stimulated desorption increased from 10% mol/ion (surface filling 10!® mol/m? to 10° mol/ion (filling 10%°-

10?2 mol/m?) and subsequently decreased steeply (less than 10% mol/ion at a filling 102 mol/m?),

The planning and technological-design optimization of vacuum systems of accelerators of various types
and of storage rings was dealt with in 10 papers. Among the questions discussed were the construction and
operational features of built-in sputter-ion and getter pumps (SRS, England; DESY, W Germany; CERN); the
designs of vacuum chambers for electron storage rings, including the DESY-accelerator four-channel chamber,
made of aluminum by an extrusion method, and the technology of vacuum-tight welding of details of aluminum
and stainless steel, developed in the course of the construction of the same accelerator. The vacuum condi-
tions and possible variants of the vacuum systems were analyzed for a synchrotron heavy-ion accelerator
operating in a regime of variable charge of the accelerated particles (Efremov Research Institute of Electro-
physical Apparatus), the design features of a specialized damper-type shutter for strong-current accelerators
(DESY) were considered, and others.

A special group of papers were devoted to the interaction of corpuscular and radiant fluxes with solid
surfaces in vacuum, and methods, based on this interaction, for the purification of surfaces of ultrahigh vacuum
accelerator and thermonuclear installations, It is shown that effects of electron-stimulated and ion-stimulated
desorptions are substantially selective (CERN), By way of example, the coefficient of electron-stimulated
desorption of hydrogen from a stainless-steel surface is almost 10 times higher than for CH,, CO, and CO,

(0.08 and ~0.01, respectively, for samples subjected to preliminary 24-h heating at 300°C). When the surface

is bombarded by heavy ions, the coefficient of stimulated release of H, and CO increases rapidly with increasing
" ion energy, whereas the intensity of release of CH, and CO,, starting with 1 keV, is practically independent of

the ion energy. The temperature of the samples influences much strongly the desorption stimulated by electron

bombardment than the ion-stimulated processes.

In another paper, also presented by the CERN specialists, are summarized the experimental data on
purification of storage-ring chambers by ion bombardment with the aid of a discharge in argon (2:10~2 torr).
The known premise, that even a very prolonged high-temperature outgassing does not remove hydrocarbon
and oxide films completely from the surface, is confirmed. The required degree of purification is reached
by discharge in argon at a bombarding-ion dose ~10!® cm=2 (hydrocarbons) and ~10'® em=2 (CO), A surface
treated in this manner turns out to be free of contamination even after contact with atmospheric air,

Analogous results were obtained by the PETRA group (W Germany) in the course of processing, in a
discharge, an aluminum electron—positron storage-ring chamber (required dose ~10!% cm-?), Similar data
as applied to tokamak conditions are reported in review articles by the TFR group (France).

A large volume of experimental data on the thermal gas release, erosion, and blister-effect of materials
that are potentially suitable for thermonuclear installations were reported in the papers by the JAERI group (Japan).

Notice should be taken of the rapid progress made with cryogenic pumps of various types, including
those for experimental thermonuclear reactors (11 papers), In addition to several survey papers, the Congress
heard reports of experimental data on cryogenic trapping of helium and its diffusion in condensate layers of
protium and deuterium (Brookhaven, USA), on the thermophysical characteristic of condensation pumps for
the forevacuum region when working with various coolants (N,, Ne, H,, He) (Kharkov Physicotechnical Insti=
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tute), on the feature of cryogetter pumps of various modifications (Institute of Theoretical and Experimental -
Physics; Physics and Engineering Institute; Oak Ridge, USA.), Much interest was attracted to the materials
of the exhibitions and to papers describing condensation and cryogetter pumps with autonomous cryogenerators
of the refrigerator type. For example, a cryopump with a pumping speed of 8.103 liters/sec (H,) has been
developed on the basis of a Philips refrigerator with a refrigerating capacity of 10 W (20°K). The cryosurface
of this pump is a copper plate in good thermal contact with the second stage of the refrigerator. The maxi-
mum residual pressure is 10~® mm Hg, Another refrigerator with a refrigerating capacity of 2 W has been
used as the basis for developing pumps with condensation and cryogetter stages with pumping speeds of 280
liters/sec (He) and 1.6 - 10° liters/sec (H,), the maximum residual helium pressure being less than 10™" mm Hg.

Among papers on the vacuum-technological problems of controlled thermonuclear fusion, mention
could be made of those which: describe in detail the -vacuum parameters of the tokamaks TFR (France) and
T-10 (I. V. Kurchatov Institute of Atomic Energy); analyze the plasma-vacuum conditions in the torsatron
thermonuclear reactor with magnetic diverter in whi ch it proves extremely effective to employ a differential
pumping system based on built-in cryopumps (Kharkov Chemical Technological Institute, Academy of Sciences
of the Ukrainian SSR); and give the results of the development of special-purpose modules for pumping hydro-
gen and other active gases based on a bulk-getter pump (84% Zr and 16% .Al), with a specific pumping speed
of ~ 10 liters/sec . cm? (Hy) and a high sorption capacity. It is proposed to use such modules, in particular, to
construct sorption surfaces for pumping down the injectors of the JET facility (Euratom) at an. overall pump-
ing speed of 2.5- 10° liters/sec (H,) with an energy consumption of only 1.4 kW under the operating conditions
(200°C) [SAES company, Italy]l. An interesting analysis was made of the characteristics of various types of
high-vacuum pumps, which hold out potential for use in pumping down the parameters of deuterium and
tritium pumping down by turbomolecular, diffusion, evaporator, and discharge-type pumps of various modifi-
cations (NIE FA, VNIINM). In the realm of electric effects in a vacuum there has been a noteworthy growth
of interestinfield emission and field-emission devices, considerable progress in understanding the mecha-
nism of electricdischarge and breakdown, the role of the state of the surface, and cathodic processes. The
electric strength of vacuum gaps has been increased substantially on this basis.

Papers read at the Congress presented detailed data on the latest designs-of turbomolecular pumps

(7 papers), instruments for vacuum gauging, mass spectrometry, and leak detection (29 papers), materials
and fittings for high-vacuum systems (8 papers), ete. '

Analysis of the Congress materials and the exhibition reveals:

a marked increase in research and development in the realm of controlled thermonuclear fusion, high-

energy physics, nuclear physics, and the technique of physical experiment (more than half of the papers were
entirely or partially devoted to precisely this subject);

a rapid growth of equipment for high-vacuum pumping based on cryopumps and turbomolecular pumps;

industrial mastery of condensation and cryogetter pumps with autonomous cold generators, economic
ultrahigh-vacuum cryopumps of the fillable type, wholly fluid-free turbomolecular pumps with gasdynamically
and magnetically suspended rotor, and turbomolecular pumps which do not require a forevacuum; '

engineering studies on cryoturbopumps with an increased compression factor and turbomolecular
pumps with nonmetallic rotor;

the development of work on the optimization of parameters and preparation of pumping equipment based
on metallic bulk getters with an enhanced sorption capacity for use in large electrophysical installations;
such equipment has advantages over cryogenic equipment in installations with a large heat release;

the growing scale of practical implementation of the principle of integrating the vacuum channel of

accelerators by means of the structural and functional unification of the vacuum chambers and high-vacuum
pumping equipment;

a qualitatively new approach to the choice of structural materials and technology of vacuum preparation
of chambers operating under intense irradiation (ionic treatment in addition to the conventional thermal degassing);

industrial mastery of special-purpose vacuum system elements which are necessary for electrophysical
installations of various types;

a significant rise in the metrological level of industrial vacuum-gauge and mass-spectrometer apparatus;
a trend towards automatic data processing with built-in computers.

The Conference proceedings will be published.
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THIRD INTERNATIONAL SEMINAR-SCHOOL
ON APPLIED DOSIMETRY

V. K. Mironov

The seminar of radiation safety service workers of the Academy of Sciences of the USSR and the Acad-
emies of Sciences of the union republics (SRB AN-III) was held in Odessa from Oct. 4 to 11, 1977. It was
organized by the "Radiation Safety" section of the Scientific Council of the State Committee of the Council of
Ministers of the USSR for Science and Technology (GKNT SM SSSR) and of the All-Union Central Council of
Professional Unions (VTsSPS) on "Labor Protection”, the Academy of Sciences of the Ukrainian SSR, and the
Leningrad Institute of Nuclear Physics (LIYaF). The 85 participants came from 43 organizations of the
Academies of Sciences of the Union Republics and other ministries and departments.

The seminar-school was organized on the principle: review papers and lecture papers (school part) and

communications about practical methods of ensuring radiation safety during work with sources of ionizing
radiation. ' :

In contrast to the previous seminar, the review papers were read according to the program schedule.
The following subjects were discussed: 1) the principles of the approach to the standardization of radiation
- factors and the main provisions of the Standards on Radiation Safety (NRB-76); 2) some current topics of
environment production, including the problem of ®Kr, and the economic aspects of radiation safety; 3)
present-day problems of dosimetry and microdosimetry; 4) the radiation and dosimetric characteristics of
tritium and methods of measuring it; 5) planning an experiment involving detection of ionizing radiation;
6) laser safety; 7) the present state of the art in research on radiation safety.

In the second part of the seminar 22 out of 35 papers were read and discussed. Attention was focused
on:

method of radiation monitoring during work with tritium and its compounds (6 papers);
laser safety (dosimetry of nonionizing radiation);

ensuring the metrological and instrumental means for radiation monitoring;

the structure and organizational principles of radiation safety services.

Greatest interest was aroused by papers read by repregentatives of LIYaF, the Nongovernmental organ-
ization (NPO) of the Main Administration for the Atomic Energy Industry (Glavatoménergo), the Kolsk Branch
of the Academy of Sciences of the USSR, the Joint Institute for Nuclear Research (JINR), the Leningrad Scien-
tific-Research Institute for Radiation Technique (NIIRT), and the P, N, Lebedev Institute of Physics of the
Academy of Sciences of the USSR (FIAN). This group of papers considered radiation safety during processing
of useful minerals of the Kolsk Penisula; gave the results and methods of research on nonhermetic fuel
elements from VVR-M water-moderated —water-cooled reactors; pointed to possibilities for reducing radio~-
active discharges into the atmosphere; reported on measurements of tritium in the water of the first loop of
the VVR-M reactor using gas chromatography to identify it; reported on mechanisms of the formation of
tritium in nuclear power installations, its migration over technological loops, on the processes of its
diffusion into structural materials; and on methods of radiation monitoring of tritium in the form of T, and
HTO. These papers spoke of integrated dosimetric monitoring, the achievements in the realm of laser safety,
the organization and structure of radiation safety services (a draft regulation on the radiation safety servi ce),
etc. The seminar recommended the publication of the most original communications; 13 papers not included
in the working program of the seminar were discussed by participants who took an interest in them.

During the discussions the participants of the seminar-school made proposals for further improvements
in the system for ensuring radiation safety:

resumption of the work of the dosimetric commission of the State Atomic Energy Committee of the USSR
(GKAE SSSR) to provide better coordination of work on dosimetric instrumentation as well as to ensure
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supplies of equipment for the radiation safety services;

acceleration of commerical production of solid-state and emergency dosimeters based on completed
developments to raise the efficiency of personal dosimetriec monitoring;

development of methodological instructions on the volume and methods of dosimetric monitoring in
emergency situations;

establishment of a journal "Radiatsionnaya Bezopasnost, " (Radiation Safety) as an instrument for the
exchange of information on topics pertaining to environmental protection and radiation safety;

systematic convening of seminar-schools (not less frequently than once every 2 years).
The next seminar-school is to be held in Sept. 1979.

TENTH MEETING OF GROUP OF SENIOR

IAEA ADVISERS ON ATOMIC POWER PLANT
SAFETY '

O. M. Kovalevich and L., V. Konstantinov

i The regular, tenth meeting in accordance with the IAEA program, on drawing up standardizing documents
(codes and guides) on ensuring the safety of atomic power plants, was held in Vienna from October 10 to 14,
1977. The final code of regulations, "Design," was adopted at this meeting. Four other codes ("Operation,”
"Choice of Site,” "Government Organizations, and "Quality Control") had been adopted at three previous meet-

ings in December 1976, and February and June, 1977. The tenth meeting also started the proceedings for
final approval of the guides with total about 50 overall.

The program, which IAEA has dubbed NUSS (Nuclear Safety Standards), was conceived in 1974 and
realization of it began in 1975. At the present time it is one of the largest programs in respect of means
expended and specialists involved.* The purpose of the program is to assist IAEA member-countries which
are developing their own national nuclear power industry. The codes and guides drawn up are based on
natmnal standardizing documents and experience accumulated on the safety of atomic power plants in countrles
pursu.mg the large-scale development of nuclear power. The documents are regarded by IAEA as a rec-
ommendation which member-countries can use with allowance for the characteristics and jurisdiction of these
countries. Particular attention has been devoted to this aspect in drawing up the documents. In the future it
will be possible to conclude agreements between IAEA and member-countries on assistance in the construction
of ;national atomic power plants at any stage (selection of a site, construction, start up, operation, removal

from operation). In this case the country is required to follow those parts of the codes and guides which are
to be covered by the agreement.

The provigions of the codes and guides extend to stationary atomic power plants with thermal reactors
for the production of energy. The preface to the program points out that the given set of documents will not
coVer numerous aspects of the subject and should be construed as a minimum of requirements and assumptions
for methods for meeting those requirements and as a program to be adhered to in order to ensure the safety

of atomicpower plants. Other IAEA documents on safety, both those published earlier and just drawn up,
should also be taken into account.

| The procedure employed to draw up each document of the program is quite involved and covers a period
ofitwo to three years. The documents are elaborated in parallel by five Technical Committees in areas in
accordance with the codes of the regulations. Itis the task of the Technical Committees to determine the title
and contents of the future document and to consider and revise draft documents at various stages. The initial
version of a document is drawn up by the Working Group whose meeting is preceded by the work of the IAEA

* Each year some highly qualified experts spend some 2000 man-days in meetings while 3000 man-days go into
evaluating the documents examined and making on-the-spot notes.
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Secretariat which collects national standardizing documents and any other information on the given subject.
The first draft drawn up by the Working Group goes to the Technical Committee, whichdiscusses it and intro-
duces appropriate changes (often extremely significant ones). The amended draft is then discussed by the
Group of Senior Advisers, consisting of highly qualified experts from many countries* and international
organizations, who cieck the program and consider all the documents at various stages. After the first con-
sideration and introduction of appropriate changes, the document is sent to the member-countries (40-50
countries). Upon receiving their comments, the Technical Committee draws up a new version of the document
(sometimes this involves recalling the Working Group) and presents it to the Group of Senior Advisers for
final approval. The documents are translated from the working English text into the other original JAEA
languages (Russian, French and Spanish) on three occasions: after the first consideration by the Technical
Committee, before the draft document is sent to the member-countries for comments, and after final con-
sideration by the Group of Senior Advisers.

Implementation of this procedure in practice required much more time for drawing up the documents
than had been assumed. As a result, the 1977-1978 target date for the completion of the program has been
changed to 1980. At the present time, all five codes of regulations and one guide have gone into the stage of
final consideration. Some 25 drafts of various documents are still at various other stages in the procedure.
On the basis of past experience from the passage of documents through the Technical Committees and the
Group of Senior Advisers it is expected that six to eight documents a year will be given final consideration.

At its 10th meeting, the Group of Senior Advisers adopted a formulation concerning the purpose and
functions of the containment system. The final version states that "in order for the escape of radioactive
substances into the environment under the conditions of an accident not to exceed the allowable limits, pro-
vision should be made for a containment system, unless it can be shown that the escape of radioactive sub-
stances can be limited in other ways. This system presumes the existence of hermetic structures or
enclosures, a subsystem of pressure suppression, and purification installations. A system of this kind is
usually called a protective envelope system and may have various engineering designs, depending on the
design requirements.” This formulation is in accordance with various engineering approaches taken in
various countries to the construction of systems for the containment of radioactive products in the event of an
accident in an atomic power plant.

* Czechoslovakia, France, Federal Republic of Germany, India, Japan, Mexico, Sweden, Switzerland, Gt.
Britain, the U.S.A., and the USSR. . ’
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SCIENTIFIC —~TECHNICAL RELATIONS '

WORK ON CHANNEL-TYPE REACTORS
IN ITALY

V. S. Romanenko

In Oct. 1977 Soviet specialists visited Italian research centers where they became acquainted with the
experience gained from work on power reactors of the channel type. Channel-type reactors are being developed
in Italy on the basis of the CIRENA design. Construction of this prototype reactor with a power of 40

MW (electrical) has been started in Latina, 70 km from Rima. The physical start-up has been set for the end
of 1981 and the power start-up, for 1982.

As a reactor with a heavy-water moderator, CIRENA has much in common with the well-tried and
tested Canadian CANDU-PHW reactors. However, the use of boiling water as the coolant posed a number of

new problems and made it necessary to carry out a large research program. This research was a topic of
discussion during the visits to the centers.

The characteristic features of the reactor design, control system, and fuel recharging system were:
described by workers at the Cassaci Research Center (near Rima). The Soviet delegation saw the physical
metallurgy laboratory, a stand for studying fretting corrosion of CIRENA, which has a high positive vapor
reactivity coefficient (the derivative 8k/dp varies from —7.9 to —6.2%/g/cm® during transition from a fresh
charge to the steady state). Automatic control is effected by so-called "two-stage" rods which constitute
U-shaped tubes of diameter 15 mm with a continuous circulating absorber, a mixture of borated water and

_hydrogen in a changing ratio. All four regulators operate synchronously from three ionization chambers
installed beyond the side reflector. The total efficiency is +0.3% and the rate is 0.05%/sec. In the prototype
reactor there is no problem of stability of the heat release field owing to the small size of the reactor core.
For the 300-MW (electrical) commercial version the problem is resolved by splitting the reactor into two

zones with local regulators and automatic control operated by a computer. In the case of a larger reactor,
~ 600 MW (electrical), there should be 8-12 such zones.

An interesting feature of the reactor is the system of cold start-up which ensures a mean density of -

~0.3 g/cm?® of water in the core by feeding steam into the fuel channels. The steam is obtained by residual
energy release and heating of water from the pumps.

Much attention is being paid to research on the behavior of the fuel assemblies of the reactor under
accident conditions owing to the rupture of the piping of the loop. This work is being done at the CISE center
(near Milan) on IETI-1, IETI-4, and CIRCE stands. The CIRCE stand provides full-gcale simulation of the
circulation loop of CIRENA, preserving marks for the location of the separator, pumps, etc. Ruptures of the
piping are simulated by means of fast-acting valves with an operating time of several milliseconds. Moreover,
fast-acting valves which are also used make it possible to cut off the part of the loop under study and to deter-
mipe the remaining quantity of water as a function of time elapsed since the rupture of the loop. Studies on the
stand showed that the allowable interruption in the water supply to the CIRENA fuel chamnels is 100 sec, after

which the emergency cooling system must be switched on. The maximum temperature of fuel element cans-
reaches ~1200°C in the process.

The LFCEC Laboratory (near Turin) is developing and fabricating fuel elements and fuel assemblies for
CIRENA as well as developing compounds of zirconium and steel in pressure tubes. Consideration is being
given to both zircalloy-2 and the alloy Zr+ 2.5% Nb. Fuel elements are being developed in the main on the

_basis of the Canadian technology, in particular, contact welding with magnetic clamping is being used to her-
metically seal the cans. In-reactor tests of fuel elements are being conducted in Italy as well as in Norway,

Sweden, and other countries. The testing program includes studies on the hydrogenation of the can and iodine
corrosion of the can.

The LFCEC Laboratory is also developing a fuel consisting of a ThO,—UO, mixture (2.2% %°U). A tech-
nology for processing irradiated thorium fuel is being developed on a facility in the Rottondello Research Center.

Translated from Atomnaya Energiya, Vol. 44, No. 4, pp. 390-391, April, 1978.

0038-531X/78/4404-O453$67.50 ©1978 Plenum Publishing Corpofation _ 453

Declassified and Approved For Release 2013/03/07 : CIA-RDP10-02196R000700110003-3



Declassified and Approved For Release 2013/03/07 : CIA-RDP10-02196R000700110003-3

Specialists of the computational center at Bologna told of computational and theoretical research on the
physics of CIRENA. The main experimental work is being done on the RB-1 reactor (criticality of lattices
with natural and enriched uranium, measurement of the Doppler effect, etc.) and on the RB-3 reactor (hetero-
genous effects). In the latter case a number of fuel assemblies of the initial charge of the reactor were re-
placed with ™ew" assemblies and mixed lattice were formed or absorbers, from outside the original lattice,
were introduced into the core. The value of Kqgf and the spatial distribution of the neutron flux were deter-
mined by the three-group heterogenous method, realized in the programs HETROIS (three-dimensional, mono-
pole) and SOS (two-dimensional, dipole). There also is the modular system NEFREM which incorporates two-
dimensional monopole versions of both programs. The boundary conditions at the surface of the channels are
given by the matrix of coefficients which are calculated in three different ways. Corrections are introduced
into the values of the coefficients in order to improve the agreement with experiment.

A characteristic feature of nuclear power developments in Italy is the close contact with Canada, Japan,
Gt. Britain, and other European countries. Italian specialists, on the one hand, make extensive use of the fore-
most achievements of reactor science and engineering and, on the other hand, focus their attention on solving
particular problems, achieving con51derab1e successes in the process.

NEW BOOKS FROM ATOMIZDAT (FIRST
- QUARTER OF 1978)*

E. R. Kartashev and A. S. Shtan', Neutron Methods of Continuous Ana1y51s of Substances, 15 prmter'
sheets, 2.60 rubles. :

A. M. Kol'chuzhkin and and V. V. Uchaikin, Introduction to the Theory of the Passa.ge of Partlcles through
Matter, 15 printer's sheets, 2.60 rubles.

L V. Kurchatov, Nuclear Energy for the Well-Being of Mankind, 15 printer's sheets, 3 rubles.
" A. A. Luk'yanov, Structure of Neutron Cross Sections, 13 printer's sheets, 2.20 rubles.. v

I. S. Slesarev and A. M. Sirotkin, Varlatlonal-mfference Schemes in Neutron Transport Theory,
printer's sheets, 90 kopecks.

A. N. Klimov and V. N. Orekhov, Telemetering Systems for Measunng and Momtonng Ionizing Radiation,
10 printer's sheets, 50 kopecks.

) _A. D. Frank-Kamenetskii, Modeling Neutron Tra]ectones in Reactor Calculations by the Monte Carlo
Method, 6 printer's sheets, 90 kopecks. »

G. B. Naumov, Fundamentals of the Physicochemical Model of Uranium Carbonate Ore Formatmns, 15
printer's sheets, 2.50 rubles.

V. L. Popov, LPE Spectrometry for Ionizing Radlatlon, 9 printer's sheets, 1.40 rubles.

L. A. Pertsov, Biological Aspects of Radloactlve Contamination of the Oceans, 10 printer's sheets, 1.70
. rubles.

V. V. Shustov, The Soviet Union and the Problem of Haltmg Nuclear Weapons Tests, 10 printer's sheets,
1.20 rubles. : . ,

N. B. Delone and V. P. Krainov, The Atom in a Strong Light Field, 7.5 printer's sheets, 2.60 rubles.

D. S. Zazhigaev, A, A. Kish'yan, and Yu. L, Romanikov, Methods of Planning a Physical Experiment and
Processing the Results, 20 printer's sheets, 2.60 rubles.

A. A. Ivanov and T. K. Scbolev, Nonequilibrium Plasma Chemistry, 18 printer's sheets, 3.10 rubles,
Manipulators, 10 printer's sheets, 50 kopecks.

- * All books are in Russian.

Translated from Atomnaya Energiya, Vol. 44, No. 4, p. 391, April, 1978.
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M. F. Romantsev, Chemical Protection of Organic Systems from Ionizing Radiation, 11 printer's sheets,
'1.70 rubles.

i Instruments for Radiation Diagnostics in Medicine, 15 printer's sheets, 1 ruble.

Yu. V. Miloserdin and V. M. Baranov, High-Temperature Testing of Reactor Materials, 20 printer's
sheets, 3.40 rubles,

Z. A. Al'bikov, V. I. Veretennikov, and Q. V. Kozlov, Detectors of Pulsed Radiation, 12 prmter's sheets,
1.80 rubles. '

I. G. Kozlov, Contemporary Problems of Electron Spectroscopy, 18 prmter's sheets, 2.70 rubles.

I. N. Klemparskaya and G. A. Shal'nov, Normal Autoantibodies as Radiation-Protection Factors, 10
printer's sheets, 1.50 rubles.
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o \ - COﬂfULTﬂan BUREAU

" ANEWJOURNAL

-~

Programmmg and Computer Software

A cover-to-cover translatron of Programm/rovan/e

Ng
Edltor. N. N. Govorun o )

' /‘1 . (

This new journal provides authorltatrve and (lp to-date reports on current progress in programming and the use of com-
puters. By publishing papers ranging from theoretical research to practical results, this bimonthly will be essential to a

wide circle of specrahsts It features results of vital research in the followmg directions:

® jogical problems of programming: applied theory of algonthms and control of computational processes
+ ' e program organization; programming methods connected with the idiosyncrasies of input languages. hardware and
. problem classes; and parallel programming . - -~
[ operatmg systems: programming systems; programmer aids; software systems: data-control systems; |0 systems;
and subroutine libraries. ) . : L

- Subscription: Volume 4, 1978 (6 rssues) $95.00

.kandom Titles from this Journal

PROGRAMMING THEORY . !
Structure of an Information System->-N. A. Krinitskii, V. N. Krinitskii, and D. A Stepanchenko
The Active Set of Program Pages and Its Behavior—V. P. Kutepov .
< Estimate of the Efficiency of Replacement AIgonthms—Yu A. Stoyan P . .
" PROGRAMMING METHODS <. - ’ '
Method and Algorithm for Checking Group Items in the Machine Processmg of Economic Information—G. L. Livshin

Parallefization of the Fast Founer Transform Algorithm in Encephalogram Spectrum Analysis—V. S. Medovyi and V. D.

Trush ; .

COMPUTER SOFTWARE AND SYSTEM PROGRAMMING . : .

Increasing the Efficiency of Object Programs by Changmg the Initial Grammar of the Programmmg Language—S Ya.
Vllenkln and S. M. Movshovich >

A Metalanguage a Translation Scheme, and Syntactic Analysis in a System for Constructing Highly Effective
Translators—M. |. Belyakov and L. G. Natanson SN

Tabular Information Qutput System—V. D. Prachenko V. P. Semik, N. D. Tyutvina, and K A. Chizhov
Questions in the Creation of Software for TenJmmaI Dévices—V. A. Kitov

N ) - ' B} . - . .

SEND FOR FREE EXAMINATION COPY

PLENUM PUBLISHING CORPORATION
. 227 West 17th Street, New York, N.Y., 10011

o I in United Kingdom: ~ Black Arrow House _
‘ o 2 Chandos Road, London NW1O 6NR England
~ . \ i ' : -

{ Declassified and Approved For Release 2’013/03/07 : CIA-RDP10-02196R000700110003-3



A}

Declassified and Approved For Release 2013'/03/07 : CIA-RDP1 0-02196R0007001 10003-3

~ NEW RUSSIAN JOURNALS

IN ENGLISH TRANSLATION S

BIOLOGYBULLETIN o RN

Izvest/ya Akademif Nauk SSSR Senya Biologicheskaya

The biological prdceedmgs of the Academy of Sciences of

. the-USSR, this prestigious new bimonthly presents the
work of the leading academicians on ‘every aspect of the life
sciences—from micro- and molecular blology to zoology,
physidlogy, and space medicine. :

Volume 5, 1978 (6 issties) $175.00

I T T R T S

SOVlET JOURNAI. OF MARINE BIO LOGY ,
B/olog/ya Morya ! . .

Devoted solely to research on marine organisms and their
actnvnty, practical considerations for their preservation, and
reproductlon of the biological resources of ‘the seas and
. oceans. . VG
Volume 4, 1978 (6 issues). .. .. ... P

WATER RESOURCES .
- Vodnye Resursy . o

Evaluates the water resour(r:es of specmc ‘geographical areas-
throughout the world and reviews regularities of water re-
sources formation as well as scientific principles of thelr
optimal use. . .
Volume 5, 1978 (6 issues). . . . . . e o

“+

HUMAN PHYSIOLOGY

Fiziologiya Chefoveka : y oy

A few, mnovatlve journal cornicerned exclusively with theo
retical and applled aspects of the expanding freld of human
physiology. f

Volume 4, 1978 (6 lssu‘es) ....... . TIP $175.00

SOVIET JOURNAL OF BIOORGANIC CHEMISTRY.

Bloorgamcheskaya Khimiya

’

Features articles on isolation and purlflcatlon of naturally
occurring, biologically active compounds; the establishment
of their structure, methods of synthesis, and determination
of the relation between structure and biological function,
Valume 4, 1978 (12 |ssues) $225.00

SOVIET JOURNAL OF COOROINATION‘CHEMISTRY

Koordmars:onnaya Khimiya

N

!

-

Describes the achievements of modern,theoretccal and »

applied coordination .chemistry. Topics include the syn-
- thesis .and properties of new coordination’ compounds
reactions involving intraspheral substitution and transforma-
tion of ligands; complexes with polyfunctlonal and macro-.

molecular llgands complexing in solutions; and Kinetics
and mechanisms of reactions involving the partncrpatlon of
coordtnatlon compounds.

Volume 4, 1978 (12 issues)

“THE SOVIET JOURNAL OF GLASS PHYSICS

AND CHEMISTRY

F/z/ka i Khimiya Stekla

v

Devoted to current theoretlcal and applled research on three
interlinked problems in'glass technology; the nature of the
chemical bonds in a VItrlfymg\meIt and in glass; the struc:
ture-statistical principle; and .the macroscopic propertaes
of glass, :

' Volume 4, 1978 (6 issues) $126.00

-LITHUANIAN MATHEMATICAL JOURNAL

Litovskii Maternaticheskii Sbornik’

An international medium for the rapid publication of the
‘ latest developments in mathematics, this quarterly keeps
- western scientists abreast of both practical and theoretical

configurations. Among the many areas reported on in

depth are the generalized Green’s functl_on the '‘Monte

Carlo method, the “innovation theorem,” and the Martin-

gale problem. : >

Volume 18, 1978 (4 issues)

~ ;

PROORAMMINO AND COMPUTER SOFTWARE

Programmirovanie

Reports on current progress |n programming and the use of
computers.  Topics covered include logical problems of

_ programming; applied theory of algorithms; control of com-

putational procasses program organization; programming
methods connected with the idiosyncracies of input lan-
guages, hardware and problem classes; parallel programm-
ing; operatmg systems; programmmg systems; programmer

aids; software systems; data control systems; 10 systems;‘

and subroutine libraries.
Volume 4, 1978 {6 lssues)
|

SOVIET MICROELECTRONICS

M/kroe lek tronika

Reports on the latest advances in solutions of fundamental
problems of mrcroalectronlcs Discusses. new - physical
principles, materials, and methods for creating components

- especially in large systems.

Volume 7 1978 (6 issues) .

$235.00°

PLENUM PUBLISHING CORPORATION, 227 West 17th Street, New York, N.Y. 10011

In United Kingdom: Black Arrow House; 2 Chandos Road, London NW10 6NR, England
l:rlces slightly higher outside the U.S. Prices subject to change without notice.
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